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ABSTRACT 
 
 
In durum wheat (Triticum turgidum L. var durum), grain protein concentration 
(GPC) and gluten quality are among the important factors influencing pasta-making 
quality.  Semolina with high protein content produces pasta with increased tolerance to 
overcooking and greater cooked firmness.  However, genetic improvement of GPC is 
difficult largely because of its negative correlation with grain yield, and a strong 
genotype x environment interaction. Therefore, identification of quantitative trait loci 
(QTL) for high GPC and the associated markers is a priority to enhance selection 
efficiency in breeding durum wheat for elevated GPC.  At a physiological level, GPC is 
influenced by several factors including nitrogen remobilization from vegetative organs 
and direct post-anthesis nitrogen uptake (NUP) from the soil.  Understanding the 
relationship between elevated GPC and nitrogen remobilization, and post-anthesis NUP 
will enable durum wheat breeders to develop varieties that not only produce high yield 
and high GPC, but also exhibit better nitrogen use efficiency.  The objectives of this 
study were: (1) to identify and validate QTL for elevated GPC in two durum wheat 
populations; and (2) to determine if elevated GPC is due to more efficient nitrogen 
remobilization and/or greater post-anthesis NUP.  A genetic map was constructed with 
SSR and DArT® markers in a doubled haploid population from the cross Strongfield x 
DT695, and GPC data were collected in replicated trials in six Canadian environments 
from 2002 to 2005.  Two stable QTL for high GPC, QGpc.usw-B3 on chromosome 2B 
and QGpc.usw-A3 on 7A, were identified.  Strongfield, the high GPC parent, 
contributed the alleles for elevated GPC at both QTL.  These two QTL were not 
associated with variation in grain weight (seed size) or grain yield.  QGpc.usw-A3 was 
validated in a second Strongfield-derived population as that QTL was significant in all 
six testing environments. Averaged over five locations, selection for QGpc.usw-A3 
resulted in a +0.4% to +1.0% increase in GPC, with only small effects on yield in most 
environments.  A physiological study of grain protein accumulation revealed that 
regardless of the growing condition, nitrogen remobilization was the major contributor 
for grain nitrogen in durum genotypes evaluated, accounting for an average of 84.3% of 
total GPC.  This study confirmed that introgression of Gpc-B1 into Langdon resulted in 
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increased GPC, and this GPC increase was due to higher N remobilization.  Strongfield 
expressed greater N remobilization than DT695 and the semi-dwarf cultivar 
Commander, but N remobilization was not the determining factor for Strongfield’s 
elevated GPC.  Strongfield expressed greater post-anthesis NUP than DT695. Similarly, 
a selection of six high-GPC doubled haploid (DH) lines from the cross DT695 x 
Strongfield expressed significantly greater post-anthesis NUP than six low-GPC DH 
selections, supporting the hypothesis that elevated GPC in Strongfield is derived from 
greater post-anthesis NUP.  All six high-GPC DH selections carried the Strongfield 
allele at QGpc.usw-A3, suggesting this QTL maybe associated with post-anthesis NUP. 
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Chapter 1 
INTRODUCTION 
 
1.1.  Background 
Durum wheat (Triticum turgidum L. var. durum) is the main raw material used in 
the manufacture of pasta products.  The firmness of cooked pasta and tolerance to 
overcooking are the two main characterists on which cooking quality of pasta depends.  
These two characteristics are strongly related to grain protein concentration (GPC) 
(Dexter and Matsuo, 1977; Grzybowski and Donnelly, 1979).  As such, genetic 
improvement of GPC has been the target of durum wheat breeding programs worldwide 
(Olmos et al., 2003).  However, genetic improvement of GPC has been slow, largely 
because the lack of sufficient genetic variation within adapted germplasm (Blanco et al., 
2006), the negative correlation with grain yield (McNeal et al., 1972; Steiger et al., 
1996), and the strong influence of the environment on its expression (Khan et al., 2000). 
Adequate nitrogen fertilizer application rate and appropriate application timing can be 
used to elevate GPC (Feillet, 1988), but the continued use of fertilizers is becoming less 
economically appealing. 
Several studies have been conducted to identify genes for improved GPC in 
durum wheat.  A promising source of high GPC was identified in a wild population of 
tetraploid wheat (T. turgidum var. dicoccoides) (Acc. FA-15-3) referred to as DIC 
(Avivi, 1978).  Through an analysis of complete sets of Langdon-DIC disomic 
substitution lines, Joppa and Cantrel (1990) found that the gene(s) for high GPC was 
present on chromosome 6B.  Complete substitution of DIC-6B into the cultivar 
Langdon, designated as Langdon(DIC-6B), resulted in significantly higher GPC and 
protein yield with no significant effects on protein quality, plant height, heading date, or 
grain yield (Chee et al., 2001).  Introgression of DIC-6B into common wheat varieties 
also resulted in GPC increase (Mesfin et al., 1999).  However, DePauw et al. (1998) 
concluded that Langdon(DIC-6B) does not provide protein genes superior to those 
already available in Canadian durum wheat germplasm as lines carrying this 
chromosomal region did not achieve GPC higher than commercial durum wheat 
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cultivars.  In addition, this chromosomal region appeared to lower test weight (TWT), a 
trait important in determining durum sample grade (DePauw et al., 1998). 
Grain protein concentration is a quantitative trait controlled by a complex 
genetic system (Blanco et al., 2006).  Quantitative trait loci (QTL) for GPC in both 
hexaploid and tetraploid wheat have been reported on at least a dozen chromosomes 
(Prasad et al., 2002; Sourdille et al., 2003; Blanco et al., 2002; Joppa et al., 1997; 
Blanco et al., 1996, 1998, Knox et al., 2004).  In tetraploid wheat, the majority of QTL 
have been identified in T. turgidum L. var. dicoccoides (Blanco et al., 2002; Olmos et 
al., 2003; Gonzalez-Hernandez et al, 2004; Blanco et al., 2006), a wild relative of 
durum wheat.  A QTL accounting for 66% of phenotypic variation in GPC, designated 
QGpc.ndsu.6Bb, has been localized (Joppa et al., 1997), and mapped as a simple 
Mendelian locus designated as Gpc-B1. Map-based cloning of Gpc-B1 revealed the gene 
conferring elevated GPC is a N assimilation control (NAC) transcription factor (TtNAM-
B1) (Distelfeld et al. 2006) associated not only with increased GPC, but also increased 
zinc and iron content, leaf senescence, and enhanced N remobilization (Uauy et al., 
2006a).  However, the use of Gpc-B1 from T. dicoccoides in Canadian breeding 
programs has been limited.  Thus, identification of QTL associated with elevated GPC 
in local durum wheat germplasm would be useful. 
At a physiological level, GPC is influenced by a number of factors including N 
uptake, assimilation, and remobilization from leaves and stem to the grain during grain 
filling.  Most of the N found in protein of mature cereal grains is remobilized from 
senescing vegetative tissues (People and Dalling, 1988; Feller and Fischer, 1994).  
Therefore, in wheat, high GPC has been most associated with more efficient N 
remobilization from senescing tissue to grain (Kichey et al., 2007; Clarke, 2005; 
Blackman and Payne, 1987). In wheat, gene(s) affecting N remobilization have been 
reported on 7B (Fatta et al., 2000) and 6A, 1B, 4B and 3D (Khodos et al., 1987).  
Gene(s) localized on chromosomes 1A, 4A, 7B and 1D have been identified that control 
post-anthesis N uptake (NUP) in wheat (Khodos et al., 1987).  Deckard et al. (1996) 
also reported that higher GPC in Langdon(DIC-6B) is because of higher N 
remobilization to the grain.  In barley (Hordeum vulgare L.), however, nitrogen 
remobilization efficiency was not correlated with higher GPC (Mickelson et al., 2003).  
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At present, studies on N remobilization and post-anthesis NUP in relation to variable 
expression of GPC in durum wheat germplasm are lacking. Such studies are important 
to elucidate the physiological parameters and distinct genes contributing to elevated 
GPC (Jukanti and Fisher, 2008).  This knowledge will aid durum breeders to develop 
varieties that are not only high grain yield and GPC, but that express better N use 
efficiency. 
 
1.2.  Research hypothesis 
Improvement of GPC in Canadian durum wheat breeding program has been 
made through the use of local germplasm, and evidence suggests that further increases 
in yield and protein concentration are still possible (Clarke, 2005).  Strongfield, a 
Canadian durum wheat variety released in 2003, does not have Gpc-B1 gene, but has 
consistently displayed high levels of GPC coupled with high yield in Canadian 
environments, and has been used extensively in Canadian durum wheat crossing 
programs (Clarke et al., 2005).   High GPC is presumed to be the result of pyramiding of 
genes related to post-anthesis N uptake and remobilization within the plant (Clarke, 
2005).  Therefore, this research was designed to test hypotheses that: 
1. novel QTL for elevated GPC exist in local durum wheat germplasm; 
2. elevated GPC is associated with better N remobilization and/or higher post-anthesis 
N uptake. 
 
1.3. Research Objectives 
The research objectives were: 
1. to identify QTL and markers associated with elevated GPC in durum wheat; 
2. to determine if elevated GPC is due to more efficient N remobilization and/or 
greater post-anthesis N uptake. 
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Chapter 2 
LITERATURE REVIEW 
 
2.1. Durum wheat 
Durum wheat (T. turgidum L. var. durum) is an allotetraploid (2n = 4x = 28) 
with seven homoeologous chromosome pairs (AABB) (Nachit et al., 2001).  The A 
genome in durum wheat originated from the diploid wild wheat (einkorn) (T. uratu 
Tum.), whereas the B genome is thought to derive from Aegilops speltoides Tausch 
(Gooding and Davies, 1997).  Durum wheat is milled to semolina which is used 
primarily for production of pasta products (pasta, spaghetti, and macaroni).  Use in non-
pasta products (leavened and unleavened bread, and bulgur) is increasing, particularly in 
Mediterranean regions (Elias and Manthey, 2005), but the lack of the D genome found 
in hexaploid wheat (T. aestivum L.; AABBDD) greatly reduces durum wheat baking 
potential (Kerber and Tipples, 1969).  Historically, durum wheat has been grown in 
Mediterranean climates in North Africa, southern Europe, Turkey, and Syria as durum 
wheat production is better suited to semi-arid climates (Elias and Manthey, 2005).  In 
North America, durum wheat is produced in the dry growing regions of western North 
Dakota and Montana in the USA, and southern Saskatchewan and Alberta in Canada 
(AAFC, 2005).  Annual world production of durum wheat averages 35.9 million tonnes 
(AAFC, 2005), accounted for approximately 5% of the total wheat production.  In 
Canada, durum wheat comprises of 20 to 25% of total wheat area, and produces an 
average of 4.5 million tonnes of grain per year.  Canadian durum represents more than 
60% of world durum wheat trade with 80% of production exported into high quality 
global pasta markets (Clarke, 2005).  Breeding for pasta quality is, therefore, a primary 
objective in Canadian durum breeding programs. 
 
2.2. Durum wheat end-use quality 
Durum wheat quality can be broadly defined into physical and chemical quality 
attributes, and rheological and processing characteristics.  Physical grain quality traits 
include test/hectoliter weight, kernel weight and proportion of vitreous kernels (Clarke 
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et al., 1998).  Chemical grain quality traits include the content of yellow pigments, 
protein concentration and gluten quality.  The later two traits greatly influence the 
rheological properties of dough. 
The physical quality of grain is an important grading factor as it can influence 
the semolina milling potential of durum grain.  Test weight is a measure of grain density, 
and is widely utilized as a wheat grading factor. Test weight is moderately heritable with 
heritability estimates ranging from 0.44 to 0.83 (Bhatt and Derera, 1975).  In general, 
lower test weights are associated with reduced semolina milling yield, but there is no 
consensus on the use of test weight as a predictor of milling yield in wheat (Dexter and 
Edwards, 1999).  Thousand-kernel weight is a measure of average kernel size.  In wheat, 
1000-kernel weight is under genetic control and QTL have been reported on 
chromosomes 3D and 4A in hexaploid wheat (McCartney et al., 2005). There is also a 
strong environmental influence with heritability estimates ranging from of 0.37 to 0.69 
(Sharma and Knott, 1964; Jochum et al., 2001; Collaku and Harrison, 2005).  Larger 
kernels show negative association with protein content and gluten strength (Khattak et 
al., 2005), and thus can have a pleiotropic effect on the rheological properties of 
semolina produced dough.   
The yellow colour of semolina and pasta is an important end-use quality trait in 
international markets (Troccoli et al., 2000).  The bright yellow colour of durum pasta is 
a function of the concentration of carotenoid pigments, mainly lutein in free ester form, 
present in the grain (Hentschel et al., 2002).  The genetics of yellow pigment are well 
understood in durum wheat and the trait is highly heritable (Elouafi et al., 2001; Clarke 
et al., 2006).  Quantitative trait loci for yellow pigment have been identified on most 
chromosomes, but a QTL with a large effect has been identified in several mapping 
populations on the distal region of the long arm of chromosome 7B (Elouafi et al., 2001; 
Pozniak et al., 2007; Zhang and Dubcovsky, 2008).  A homeologous QTL with a similar 
effect has also been reported on 7AL (Singh et al., 2009).  Additional QTL have been 
identified on chromosomes 5A (Hessler et al., 2002), 1B and 6A (Zhang et al., 2005), 
and chromosomes 2A, 4B, and 6B (Pozniak et al., 2007). 
Grain protein concentration (GPC) and gluten quality are recognized as the most 
important determinants of the cooking quality of pasta products (Dexter and Matsuo, 
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1980; D’Egidio et al., 1990) as these two factors influence the rheological properties of 
semolina dough (Payne et al., 1984; Pogna et al., 1994).  Both traits have been studied 
intensively (Pagnotta et al., 2005) and generally, high GPC is associated with reduced 
pasta stickiness and increased tolerance to over-cooking (Marchylo et al., 1998).  An 
increase in GPC is usually associated with an increase in the amount of gluten proteins 
(Dexter and Dronzek, 1975a; 1975b).  However, an increase in GPC does not guarantee 
good gluten strength (Ciaffi et al., 1991).  High GPC is most important when high-
temperature drying technology is used to improve the cooking quality, colour and 
nutritional quality of pasta (Mercier and Hyberg, 1995; De Stefanis et al., 1990), as high 
temperature drying of pasta is known to modify physicochemical characteristics of the 
gluten proteins (De Stefanis et al., 1990).  At low temperature processing, both GPC and 
gluten quality have similar importance in determining pasta cooking quality (Novaro et 
al., 1993; Dexter and Matsuo, 1980). 
The gluten proteins have been studied intensively to determine their structural 
properties and to provide a basis for manipulating and improving wheat end-use quality 
(Shewry et al., 1995).  Gluten is a complex mixture of two groups of proteins, the 
gliadins and glutenins, associated with lipids and other components (mineral and 
carbohydrates).  High hydrophobicity of gluten proteins prevents the penetration of 
water into pasta during cooking and therefore prevents swelling, surface disintegration, 
and pasta stickiness (Feillet, 1988).  Strong gluten proteins with high elastic recoveries 
exhibit good cooking quality, whereas weak gluten proteins with low elastic recoveries 
have poorer cooking quality (Feillet, 1988).  The viscoelasticity of the gluten depends 
on the respective quantities of gliadins and glutenins, and also on the degree of sulfur 
bonding between the different proteins.  Pasta cooking quality is superior in cultivars 
with a high glutenin-gliadin ratio or a high percentage of “insoluble” proteins (Feillet, 
1988).  
Given the importance of GPC on end-use quality in wheat, the following 
sections are devoted to reviewing the main groups of grain proteins, and their 
relationships with end-use quality in durum wheat. 
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2.3. Wheat grain proteins  
The ability of wheat to be processed into different products is largely determined 
by the grain protein concentration (Weegels et al., 1996) and the type of proteins present 
in the seed at maturity (Shewry et al., 1986).  In wheat, grain proteins can be classified 
on the basis of their solubility in different solvents: albumins (soluble in water), 
globulins (salt), and prolamins (alcohol or dilute acid/alkali) (Shewry et al., 1986).   
 
2.3.1.  Albumins and globulins 
The albumins and globulins constitute 10 to 22% of the total wheat grain 
proteins (Singh and MacRitchie, 2001).  These proteins are believed to have dual roles 
as nutrient reserves for the germinating embryo and as inhibitors of insects and fungal 
pathogens prior to germination (Shewry et al., 1984; Buonocore et al., 1985, Østergaard 
et al., 2000; Garcia-Olmedo et al., 2002).  The puroindolines are included in this group, 
and these proteins are known to influence grain hardness.  In hexaploid wheat, kernel 
hardness is largely controlled by the action of two linked puroindoline a (Pina-D1) and 
puroindoline b (Pinb-D1) genes on the distal end of the short arm of chromosome 5D 
(Bhave and Morris, 2007).  These genes code for two cysteine-rich puroindoline a 
(PINA) and b (PINB) proteins (Morris, 2002), both of which contain a tryptophan 
domain that interact with lipids located on the surface of starch granules (Gautier et al., 
2000; Bhave and Morris, 2008). Soft texture is the wild type phenotype, with hard 
texture resulting from mutations in either Pina-D1 or Pinb-D1.  Since durum wheat 
lacks the D genome, the complete absence of Pina-D1 and Pinb-D1 and their coded 
proteins results in a very hard endosperm (Giroux et al., 2000).  However, the two Pin 
genes do not explain all of the phenotypic variation for kernel hardness among wheat 
varieties or within crosses of the same textural class (Matus-Cadiz et al., 2008). Grain 
softness proteins (GSPs) are closely related to puroindolines (Gautier et al., 2000) and 
are believed to have some role in determining grain hardness.  However, the grain 
softness protein-1 gene (Gsp-D1) is closely linked to Pina and Pinb (Tranquilli et al., 
1999; Turnbull et al., 2003) making it difficult to ascertain its direct role on grain kernel 
hardness (Tranquilli et al., 2002).  Recently, an additional PIN gene has been identified, 
but its role in grain hardness has yet to be determined (Morris, personal 
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communication).  
It is generally accepted that the albumins and globulins do not influence the 
rheological properties of wheat dough per se (Damodaran, 1996) but do influence the 
processing properties of wheat products.  During milling, hard textured wheats produce 
coarser flour with higher levels of starch damage. Damaged starch granules absorb more 
water, making wheat with hard kernels better suited for bread and other yeast-leavened 
foods.  In contrast, soft endosperm wheat fractures easily with little starch damage, 
making it more suitable for preparing cookies, cakes, and pastries.  Durum is milled into 
coarse semolina which has high water absorption capacity and is favoured for 
production of pasta products. 
 
2.3.2. Prolamins 
The prolamins represent the largest portion of the wheat storage proteins and are 
classified into two groups, the gliadins and glutenins, according to their solubility in 
aqueous/alcohol solutions (Shewry and Tatham, 1990). Gliadins are a mixture of 
monomeric polypeptides (Sapirstein and Fu, 1998) and glutenins consist of polypeptides 
aggregated by disulphide bonds (Shewry and Tatham, 1990; Singh and MacRitchie, 
2001). The gliadins and glutenins constitute 80-85% of the total grain protein, and 
confer elasticity and extensibility properties that are essential for the rheological 
functionality of wheat doughs (Shewry et al., 1995; Feillet, 1988; Shewry and Halford, 
2002).   
The glutenins are polymeric proteins resulting from intermolecular disulfide 
bonds (Schofield, 1994; Gianibelli et al., 2001).  After treatment with a reducing agent, 
the glutenins can be subdivided into high molecular sub-unit proteins (HMW-GS; 100-
140 kDa) and low molecular sub-unit proteins (LMW-GS; 30-75 kDa) (Gianibelli et al., 
2001).  High polymorphism for both HMW-GS and LMW-GS coding genes have been 
reported in both bread and durum wheat (Payne et al., 1983; Gupta and Shepherd, 
1990a, 1990b; Branlard et al., 1989).   
The HMW-GS, only represents 5-10% of the total grain protein quantity, but 
they are major determinants of gluten elasticity (Gianibelli et al., 2001; Wieser, 2007).  
In wheat, the HMW-GS are encoded by genes present at the Glu-1 loci located on the 
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long arm of homoeologous group 1 chromosomes (Lafiandra et al., 1984; Nachit et al., 
2001; Elouafi and Nachit, 2004).  Each locus consists of two tightly linked genes coding 
for two distinct HMW-GS:  the HMW-GS x-type and HMW-GS y-type (Gianibelli et 
al., 2001).  The y-type gene coded at the Glu-A1 locus is not functional in the majority 
of tetraploid and hexaploid wheat cultivars, whereas x-type gene expression at the same 
locus and the y-type at the Glu-B1 locus is variable among cultivars.  This leads to 
variation in the number of subunits from three to five in bread wheat and from two to 
three in durum wheat (Lafiandra et al., 1984).  Most durum wheats, including all 
registered Canadian durum varieties, carry null alleles at the Glu-A1 loci (Du Cros, 
1987; Branlard et al., 1989; Rao, 2008).  In contrast, a high level of polymorphism has 
been observed at Glu-A1 in T. durum var. dicoccoides (Nachit et al., 1995; Elouafi and 
Nachit, 2004), and these have been suggested as a potential source of allelic variation to 
improve gluten quality in durum wheat (Ciaffi et al., 2008).   
Several studies have examined the relationship between HMW-GS variation and 
pasta quality.  Good pasta is associated with the HMW-GS allelic combinations of 
1Bx13+1By16, 1Bx7+1By8, or 1Bx6+1By8 (Motalebi et al., 2007).  In contrast, poor 
pasta quality is observed in cultivars carrying the 1Bx20 (Pogna et al., 1990; Gianibelli 
et al., 2001).  Older Canadian durum wheat cultivars including Stewart-63 and Arcola 
possess the 1Bx7+1By8 HMW-GS, similar to high quality bread wheat cultivars, but 
recent Canadian durum wheat cultivars like Strongfield (Clarke et al., 2005), 
Commander (Clarke et al., 2006), AC Navigator (Clarke et al., 2001), and CDC Verona 
(Pozniak et al., 2009) possess  1Bx6+1By8 (Rao, 2008).   
The LMW-GS constitute the majority of wheat storage proteins and represent 
approximately 40% of the total wheat gluten fraction (Payne et al., 1987; Gupta et al., 
1989; Ciaffi et al., 1999).  The LMW-GS are encoded by genes at the Glu-A3, Glu-B3 
and Glu-D3 loci on the short arms of the homeologous group 1 chromosomes (Gupta 
and Shepherd, 1990a, 1990b).  The LMW-GS encoded at the Glu-B3 locus are most 
important for good pasta quality (Ciaffi et al., 1991; Brites and Carrillio, 2001).  Two 
LMW-GS patterns, LMW-1 and LMW-2, explain a large part of the quality differences 
among some durum wheat genotypes where the presence of LMW-2 glutenin subunits 
confers stronger gluten than cultivars possessing LMW-1 (D’Ovidio, 1993; Vazquez et 
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al., 1996). Most recent durum wheat cultivars express the LMW-2 pattern, but 
considerable variation in gluten strength is still present (Rao, 2008). 
Based on acidic polyacrylamide gel electrophoresis (A-PAGE), gliadins can be 
classified into: α, β, γ and ω gliadins, respectively (Bushuk and Zillman, 1978).  The 
amino acid compositions of the α- , β- , γ- and ω- gliadins are similar (Tatham et al., 
1990), although the ω-gliadins contain little or no cysteine residues (Tatham and 
Shewry, 1995). Thus, all gliadins are monomers with either no disulphide bonds (ω-
gliadins) or intra-chain disulphide bonds (α-, β- and γ-gliadins) (Muller and Wieser, 
1995, 1997). Gliadins have been postulated to interact with other proteins through 
disulphide interchanging, and through hydrophobic and hydrogen bonding (Bietz and 
Wall, 1980; Khatkar et al., 2002). In addition, the ratio of monomeric gliadins to 
polymeric glutenin proteins (Gupta et al., 1992; Sapirstein and Fu, 1998) and the 
amount and size distribution of polymeric proteins (Gupta et al., 1993; MacRitchie, 
1999; Johansson et al., 2001) determine protein quality.  Genes encoding gliadin 
components are located on chromosomes of homoeologous groups 1 and 6 (Joppa et al., 
1983).  Genes coding for α and β gliadins are clustered at homeologous loci Gli-A2 and 
Gli-B2 on the short arms of the group 6 chromosomes, whereas the genes coding for the 
γ and ω gliadins are clustered at Gli-A1 and Gli-B1 on the short arms of the 
chromosomes 1A and 1B (Troccoli et al., 2000).  Allelic polymorphism is higher for 
gliadins than for glutenins (Metakovsky and Branlard, 1998).  The Gli-B1 loci that 
encode γ- and ω-gliadins are tightly linked to the Glu-B3 locus (Brown and Flavell, 
1981).  Several studies have examined the relationship between gliadin proteins and 
dough rheological properties in wheat (Wrigley et al., 1981; Pogna et al., 1982; 
Dachkevitch et al., 1993).  Durum wheat varieties that possess the γ-45 gliadin fraction 
have high intrinsic cooking quality, whereas those possessing the γ-42 gliadin have 
poorer cooking quality (Damidaux et al., 1978; Gianibelli et al., 2001).  In durum, γ-45 
is linked with ω-35 and a group of LMW-2 glutenin subunits, while γ-42 is associated 
with the ω components 33, 35 and 38 and LMW-1 glutenin subunits (Payne et al., 
1984).  At present, most durum wheat breeding programs have fixed the LMW-2/γ- 
45/ω-gliadin 35 loci because of their positive effects on pasta quality. However, large 
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differences in pasta quality are still evident in lines carrying these proteins, suggesting 
other factors also influence pasta quality (Galterio et al., 1993). 
 
2.4. Physiology and genetics of GPC  
2.4.1.  Physiology of GPC 
Nitrogen (N) is one of the building blocks of amino acids, proteins, and nucleic 
acids; therefore, it is one of the major limiting factors for plant growth and development 
(Barneix et al., 2007).  The supply of N to the developing grain originates both from the 
remobilization of N stored temporarily in vegetative plant parts and from post-anthesis 
N uptake (NUP) transferred directly to kernels (Figure 2.1; Kichey et al., 2007; Dupont 
and Altenbach, 2003).  Each of these processes will be discussed in relation to GPC in 
the followings sections.  
 
 
Figure 2.1. Grain N accumulation in relations to N remobilization and post-anthesis N 
uptake.  Blue cruve line represents the graph of N content in the vegetative organs that 
reach its maximum at anthesis, followed a decline due to N remobilization to the grain.  
Red curve line represents the graph of post-anthesis N uptake. 
 
2.4.1.1.  Nitrogen uptake and assimilation 
In cereals, N for assimilation is derived from soil organic matter. Soil inorganic 
N pool, and N-fertilizer application.  In the absence of fertilizer N, the major source of 
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fixed nitrogen in the plant is from soil organic matter undergoing decomposition.  
During soil organic matter decomposition, excess ammonium (NH4+) not utilized by 
microbes is released, and subsequently oxidized by autotrophic organisms to nitrite 
(NO2-) and then nitrate (NO3-), the key source of N supply for cereal plants (Haynes and 
Goh, 1978).  Therefore, the availability of N depends on the amount of organic matter 
present, and on the presence of microbial populations and conditions favoring their 
activity.   In the main durum growing regions of western Canada, organic matter content 
is relatively low and soils are usually deficient in available N (Campbell et al., 1990).  
As such, additional N fertilizer is required to achieve adequate yields and elevated GPC 
(Grant and Flaten, 1998).   
During vegetative growth, plants absorb N from the soil to meet the needs of 
structural growth.  Plants may utilize both nitrate and ammonium ions, but under normal 
aerated soil conditions, nitrate is the main source of N (Barker and Bryson, 2007).  In 
plants, soil N uptake is controlled by genes encoding nitrate transporters.  Some high-
affinity nitrate transporter genes have been cloned from several plants, including: barley 
(Hordeum vulgare L.) (Trueman et al., 1996; Vidmars et al., 2000); Arabidopsis 
thaliana (AtNRT1.1; Zhuo et al., 1999; Filleur and Daniel-Vedele, 1999); Nicotiana 
plumbaginifolia (NpNRT2.1; Quesada et al., 1997); and soybean (Glycine max L.) 
(Amarasinghe et al., 1998).  There is evidence that several genes encoding nitrate 
transporters are present in cereals.   In barley, as many as ten putative members of Nrt2 
gene families have been reported (Trueman et al., 1996).   
Nitrogen assimilation in plants is complex (Figure 2.2), and involves three major 
gene families, those coding for nitrate reductase (NAR), nitrite reductase (NIR), and 
glutamine synthetase / glutamate synthase (glutamate-oxoglutarate amino transferase) 
(GS/GOGAT) (Miflin and Habash, 2002; Good et al., 2004; Boisson et al., 2005).  
Nitrate is readily mobile in plants and can be stored in vacuoles, but must be reduced to 
ammonium to be used in the synthesis of proteins and other organics compounds 
(Barker and Bryson, 2007).  During early nitrogen assimilation, nitrates are first reduced 
to nitrites by nitrate reductase (EC 1.7.1.1, NADH-NAR; EC 1.7.1.20, NAD(P)H-NAR) 
in the cytoplasm.  Nitrites are then translocated to the chloroplasts, where they are 
further reduced by Ferredoxin-dependent nitrite reductase (Fd-NIR; EC 1.7.7.1) to 
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ammonium (Good et al., 2004).  Once in the form of ammonium, GOGAT works 
conjointly with GS in the first step of ammonia assimilation and catalyses the reductant-
dependent conversion of glutamine and 2-oxaloglutarate to two molecules of glutamate.  
GOGAT exists as two distinct isoforms, ferredoxin dependent (Fd-GOGAT; EC 1.4.7.1) 
and NADH dependent (NADH-GOGAT; EC 1.4.1.14) (Boisson et al., 2005). Fd-
GOGAT is the predominant form and plays an important role in leaf photorespiratory 
ammonium assimilation. In contrast, NADH-GOGAT is most active in non-
photosynthetic tissue (Good et al., 2004).  Although its exact physiological function 
remains unclear, glutamate dehydrogenase (EC 1.4.1.14; NAD-GDH) has also been 
associated with inorganic nitrogen assimilation (Barneix et al., 2007). 
Several of the genes coding for enzymes involved in nitrogen assimilation have 
been sequenced.  Nitrate reductase is a homodimeric enzyme, and genes encoding NAR 
have been sequenced in several plants, including Arabidopsis (Wilkinson and Crawford, 
1993; Cheng et al., 1988), maize (Zea mays L.) (Gowri and Campbell, 1989), and barley 
(Schnorr et al., 1991). In durum, expression of NAR is induced by nitrates, but light is 
required for induction and expression follows a circadian rhythm (Carillo et al., 2005), 
similar to other plants (Deng et al., 1990; Duke and Duke, 1984).  The gene for Fd-
dependent GOGAT has been characterized in maize (Sakakibara et al., 1991) and barley 
(Avila, 1993), while two genes have been identified in Arabidopsis (Suzuki and 
Rothstein, 1997; Coschigano, 1998) and N.  plumbaginifolia (Ficarelli et al., 1999).  In 
wheat, although no sequence data has been reported, NADH-NAR genes have been 
physically mapped to chromosomes 6A, 6D and 7A and 7D (Kilian et al., 1992).   
Boisson et al. (2005) genetically mapped Fd-GOGAT on chromosome 2DS. 
Following assimilation, organic nitrogen compounds are transported between 
organelles, from cell to cell and over long distances in support of plant metabolism and 
development (Rentsch et al., 2007).  Amino acids (including amides) represent the 
principal transport form for organic N, but some plant species (warm season legumes 
fixing nitrogen) use ureides for long distance N transport (Rentsch et al., 2007).  
Nitrogen is shuttled between compounds via the activity of transaminases and 
glutamine-amide transferases, but most is released as ammonium or an amino group and 
re-assimilated via the GS pathway (Miflin and Habash, 2002).  
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The largest fraction of assimilated N is used for protein synthesis, while smaller 
fractions are present in nucleic acids and in primary and secondary metabolites (Peoples 
and Dalling, 1988).  In wheat leaves, 75% of the N is present in the chloroplast, with 
stromal (especially ribulose-1,5-bisphosphate carboxylase/oxygenase [Rubisco]) and 
thylakoidal proteins representing the major fractions of chloroplast N (Peoples and 
Dalling, 1988; Hörtensteiner and Feller, 2002). 
 
 
 
Figure 2.2.  A simplified pathway of nitrogen assimilation in plants that includes 
nitrogen uptake, assimilation, protein synthesis, protein degradation, phloem transport, 
and protein re-synthesis in the grains. The AtNRT1.1 and NpNRT2.1 are genes known to 
control high-affinity N transport during N uptake. ASP = asparagines, GLU = glutamine. 
The GS/GOGAT pathway in white box is adapted from http://www.hort.purdue.edu/ 
rhodcv/hort640c/ammonia/am00002.htm 
 
2.4.1.2. Nitrogen remobilization 
N remobilization is a necessary physiological process to meet the requirements 
for grain yield and/or protein content (Sinclair et al., 2000) as the amount of N absorbed 
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during grain development is less than the demand for N in developing grains.  
Senescence represents the final stage of leaf development and is characterized by the 
transition from nutrient assimilation to nutrient remobilization (Feller and Fischer, 
1994).  A large portion of N is translocated from senescing vegetative tissues to the 
developing grains for protein synthesis (Mae, 1997; Zhu et al., 2007). 
The hydrolysis of proteins to free amino acids for subsequent remobilization is 
required for N transport and depends on the action of endo- and exopeptidases 
(Brouquisse et al., 2001; Callis, 1995; Kondrat’-ev and Kamalova, 1983) most of which 
are upregulated in senescing vegetative tissues (Hörtensteiner and Feller, 2002; 
Gepstein, 2004).  Three major protein degradation pathways are recognized in plants: 
the ubiquitin-dependent, chloroplast degradation, and vacuolar degradation pathways 
(Vierstra, 1996).  The ubiquitin-dependent pathway is responsible largely for the 
degradation of short-lived and regulatory proteins in the cytoplasm and in the nuclei of 
eukaryotic cells (Smalle and Vierstra, 2004).  Chloroplast degrading proteases target 
degradation of stromal proteins, including Rubisco (Hörtensteiner and Feller, 2002). 
Vacuolar proteolytic enzymes (serine-, cysteine-, aspartic acid-, metallo-, and carboxy-
peptidases) are presumed to be active in the degradation of peptides released from the 
chloroplast (Callis, 1995; Distefano et al., 1999; Brouquisse et al., 2001). Cytosolic 
aminopeptidases and oligopeptidases may also cleave peptides released from plastids 
into free amino acids.   
In plants, the amino acids glutamine and/or asparagine are preferred for long-
range N transport and storage.  In barley, glutamine accounts for approximately 50% of 
the total amino acids, while asparagine accounts for roughly 20% (Winter et al., 1992). 
In contrast, in wheat, glutamine and asparagines account for 30% and 20% of the total 
amino acids, respectively with these proportions changing as the plant ages (Peeters and 
Van Laere, 1994; Caputo and Barneix, 1997).  Glutamine and asparagine are important 
both in terms of the role they play in metabolism (Ireland and Lea, 1999) and because of 
their roles in long-distance transport of reduced N in the phloem (Bush, 1999).  
Asparagine is an important N transport amino acid because it has a high N to carbon 
ratio, and is relatively inert compared to other N-transporting amino acids (Lea and 
Miflin, 1980; Sieciechowicz et al., 1988; Lea et al., 1990).   
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The amino acids derived from protein catabolism may be transported to some 
tissues via the phloem with or without prior modification (e.g. production of amides 
from other amino acids) (Hörtensteiner and Feller, 2002).  The mechanisms for 
exporting amino acids from the leaf cells and for loading into the phloem for N transport 
are still not known.  However, there are some evidences that a similar mechanism for 
phloem loading of sucrose (probably driven by a proton symport) is used for amino 
acids and involves transport against a concentration gradient (Lalonde et al., 2004). 
 
2.4.1.3.  Synthesis of grain protein 
During the early stages of grain development, the albumins and globulins, are 
synthesized first and coincide with the early development of embryo and aleurone layer 
(Simmonds, 1978).  Throughout grain development, the proportion of albumins 
declines, while the proportion of globulins remain essentially constant (Feillet, 1988).  
Storage proteins first appear in the developing endosperm approx. 10 days after anthesis 
and are synthesized continuously until the kernel has reached physiological maturity 
(Mitra and Bhatia, 1973).  In the grains, most proteins are deposited within the cell 
structure surrounding the starch granules, with smaller amounts found as fibril proteins 
or deposited as a protein mass (Feillet, 1988). 
The rate of protein synthesis is initially high, with approximately 50% of the 
total storage proteins synthesized in the first 20 days after anthesis (Simmonds, 1978).  
Fourteen days after anthesis, nearly 25% of total grain N is in the gliadin fractions, In 
contrast, the percentage of glutenins increases 25 days after anthesis (Dexter and 
Dronzek, 1975b; Ng et al., 1991). 
 
2.4.1.4   Relationships among nitrogen uptake, remobilization and GPC 
In cereals, the incorporation of N into grain proteins is most associated with 
post-anthesis NUP and remobilization of N previously acquired in vegetative tissues 
prior to anthesis (Dalling, 1985; Cox et al., 1986; Weiland and Ta, 1992; Feller and 
Fischer, 1994; Dupont and Altenbach, 2003).  Elevated GPC is correlated with greater 
plant N concentration at anthesis in rice (Ntanos and Koutroubas, 2002), and has been 
shown to correlate with free amino acid concentrations in the flag leaf during grain 
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filling in wheat (Millet et al., 1992; Barneix and Guitman, 1993).  Uptake of nitrate and 
ammonia from the soil after flowering also correlates with GPC (Blackman and Payne, 
1987), especially when soil N and water are adequate (Egle et al., 2007).  In winter 
wheat, N remobilization and post-anthesis NUP contributes largely to grain yield and 
GPC; and NAR activity was highly correlated to post-anthesis NUP and GPC (Kichey et 
al., 2007).  In contrast, an earlier study in barley found that post-anthesis NUP in high-
GPC cultivars did not accumulate more N after heading than low-GPC cultivars 
(Bulman and Smith, 1994).   
The relative importance of N remobilization and post-anthesis NUP to GPC is 
environmentally dependent, varies among genotypes, and is a function of the amount of 
available N for uptake, water availability, and plant health (Kichey et al., 2007; Arduini 
et al., 2006).  In maize, post-anthesis NUP and leaf N remobilization contribute almost 
equally to GPC (Hirel et al., 2001).  Indeed, Reed et al., (1980) reported that during 
maize grain development, grain protein accumulation was closely related to leaf 
protease activities and leaf protein degradation for subsequent translocation.  In barley, 
pre-anthesis and post-anthesis NUP were equal contributors to grain N, espectially when 
plants were cultivated under N-deficient conditions (Egle et al., 2007).  In wheat, post-
anthesis NUP is a greater contributor to GPC than N remobilization when adequate N 
and water are not limiting (Baresel et al., 2008), but under stress conditions, the majority 
of grain N is derived from N remobilization of senescing vegetative tissues (Austin et al, 
1977; Cox et al., 1985a; 1986; Papakosta and Garianas, 1991; Tahir and Nakata, 2005).  
In wheat, genotypic variation for N remobilization exists (Kichey et al., 2007; Cox et 
al., 1985b; Van Sanford and MacKown, 1987); and hexaploid wheat cultivars more 
efficient at translocating N from vegetative tissue to grains generally possess higher 
GPC (Wang et al., 2003).  In durum, elevated GPC in the introgression line 
Langdon(DIC-6B) was reported to be due to better N remobilization (Deckard et al., 
1996; Kade et al., 2005). 
 
2.4.2.  Genetics of GPC  
2.4.2.1.  Genetic variance and heritability of GPC 
Grain protein concentration is controlled by a complex genetic system and 
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influenced by environmental factors and management practices (nitrogen and water 
availability, temperature and light intensity) (Blanco et al., 2006; Pagnotta et al. 2005).   
Genetic variation for GPC is small compared with variation due to growing 
environments (Khan et al., 2000; Galova et al., 1999); and heritability estimates are 
generally low (Clarke, 2005; Khan et al., 2000; Galova et al., 1999).  Legge et al. 
(1991) reported heritability of 0.20 to 0.57 using F3-F5 correlations in three durum 
crosses.  At more inbred generations of F6-F9, Vallega (1985) observed heritabilities of 
0.38 to 0.67.  Blanco et al. (2002) found heritabilites ranging from 0.54 to 0.78 for a set 
of recombinant substitution lines in a tetraploid wheat cross grown in several 
environments.  In the later study, it is likely that higher heritability estimates were 
observed because only a single chromosome differed between the substitution lines.   
Several environmental factors can influence expression of GPC.  Elevated 
temperatures during durum wheat grain ripening favour the deposition of total and acetic 
acid insoluble proteins, while the accumulation of soluble fractions is not modified by 
heat stress (De Stefanis et al., 1998).  However, grain protein accumulation is less 
temperature-sensitive than starch deposition, and high temperatures after anthesis reduce 
seed size and increases GPC (Campbell et al., 1981).  Rapid chlorophyll degradation in 
the isogenic lines carrying Gpc-B1 were also associated with a shorter grain filling 
period and elevated GPC (Uauy et al., 2006b).  Elevated GPC in wheat cultivars 
experiencing post-anthesis drought and attack by foliar diseases late in grain fill might 
also be related to shortening grain filling period and sensitivity of starch deposition to 
adverse environmental conditions (Dimmock and Gooding, 2002). 
The range in GPC of current Canadian durum wheat cultivars is small, a result of 
continued selection by breeders to achieve high GPC in new cultivars.  When compared 
in common field trials, Commander (Clarke et al., 2006) and AC Navigator (Clarke et 
al., 2001) have approx 1.0% less protein than the highest GPC cultivar Strongfield 
(Clarke et al., 2005) and CDC Verona (Pozniak et al., 2009).   In contrast, large 
variation for GPC exists in collections of emmer wheat (T. turgidum L. var. 
dicoccoides), the wild relative of cultivated durum wheat.  Accessions of T. dicoccoides 
with grain protein concentrations of 16 to 27% have been reported (Ciaffi et al., 2008) 
and represent a useful source of genetic variability for GPC.  Introgression of 
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chromosome 6BS of wild emmer wheat (T. turgidum L. var. dicoccoides) (Avivi, 1978; 
Joppa and Cantrel, 1990; Chee et al., 2001) in durum resulted in a 1.5% increase in GPC 
with little effect on yield and maturity (Chee et al., 2001).  Chromosome 1AS and 1BS, 
and the homoeologous group 5 and 7 chromosomes of T. turgidum L. var. dicoccoides 
have also been identified to carry genes associated with GPC (Levy and Feldman, 
1989).  Substitution of individual chromosomes 6B, 2A, 3A and 6A from T. turgidum L. 
var. dicoccoides also resulted in elevated GPC (Joppa and Cantrell, 1990). 
 
2.4.2.2. Quantitative trait loci for GPC, N remobilization and post-anthesis N 
uptake 
 
Quantitative trait loci (QTL) are genomic regions that contain gene(s) associated 
with variation in quantitative expression of a trait (Collard et al., 2005).  Given the 
importance of GPC for end-use and nutritional quality, many studies have been 
conducted to identify QTL for GPC.  In hexaploid wheat, QTL for GPC have been 
mapped on at least a dozen chromosomes (summarized in Table 2.1).  Prasad et al. 
(2002) identified 13 QTL for GPC distributed on eight different chromosomes with 
phenotypic variation (R2) ranging from 2.9 to 32.4%.  Sourdille et al. (2003) identified a 
QTL for GPC on chromosome arm 6AS (R2 = 17.1%) in population derived from the 
cross Courtot x Chinese Spring.  In malting barley, low protein concentration is 
desirable (Emebiri et al., 2003), and QTL for GPC have been localized on chromosomes 
1H, 2H, 5H, 6H and 7H (Table 2.1; Bezant et al., 1997).  See et al. (2002) reported a 
major QTL for GPC near marker hvm74 on chromosome 6HS. In rice, major QTL for 
GPC have been mapped to a 30 cM interval on chromosome 5 (Hu et al., 2004). 
In durum wheat, QTL for GPC have been reported on nearly all chromosomes, 
but most of these QTL have been identified from wild emmer (T. durum var. 
dicoccoides) (Table 2.1; Joppa et al., 1997; Blanco et al., 1996, 1998, Knox et al., 
2004).  The phenotypic variation explained by individual QTL for GPC is, on average, 
only 25% (Joppa et al., 1997; Blanco et al., 2002; Prasad et al., 2002; Sourdille et al., 
2003).  QTL for protein-associated quality traits have also been reported in tetraploid 
and hexaploid wheat populations which include QTL for gluten strength on 2A (Knox et 
al., 2004), and QTL for SDS sedimentation volume (a measure of gluten protein 
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Table 2.1.  Reported QTL for GPC, protein quality characteristics [updated from Charmet and Groos (2002)]. 
 
Cross Number of  
environments 
QTL R2 References 
Barley: Blenheim x Kim 1 1HS, 1HL, 2HL,5HS, 6H, 
7HS, 7HL 
not available Bezant et al., 1997 
Langdon (durum) x 6B 
(dicoccoides) 
- 6B 66% Joppa et al., 1997 
PH132 x WH711, PH133 x 
WH711, PH132 x HD2329 
5 2AS, 2DL, 3DS, 4AL, 6BS, 
7AS  
8.2-32.4% Prasad et al., 1999, 2003 
Messapia (durum) x T. 
dicoccoides 
6 4AL, 4BS, 5AL, 6AS, 6BL, 
7AL, 7BS 
49-56% Blanco et al., 1996, 1998 
Durum: Kyle2*/Biodur - 2A not available Knox et al., 2004 
Messapia (durum) x T. 
dicoccoides 
6 1AL (XgluA1), 1BS 
(XgliB1/gluB3), 3AS, 3BL, 
5AL, 6AL, 7BS 
36-64% Blanco et al., 1996, 1998 
Forna (T. aestivum) x 
Oberkulmer (spelt) 
3 6 QTL, one major on 5A 
(25%) 
49% Zanetti et al., 1999, 2001 
Forna (T. aestivum) x 
Oberkulmer (spelt) 
3 1AS (XgluA3), 2A, 5A 
common with GPC 
45% Zanetti et al., 1999, 2001 
Bread wheat:  
Courtot x CS 
3 1BL, 6AS 23% Perretant et al., 2000 
Bread wheat:  
Renan x Recital 
6 2A, 3A, 4D, 7D 12-30% Groos et al., 2003 
Bread wheat:  
Avalon x Hobit 
2 2B, 6B, 7A 10.3-18.2% Turner et al., 2004 
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strength) on 1AL, 1BS, 3AS, 3BL, 5AL, 6AL, 7BS (Blanco et al., 1996, 1998) and 1AS, 
2A, 5A (Zanetti et al., 1999, 2001) (Table 2.1).   
High GPC was associated with a single QTL (designated as QGpc.ndsu.6B) on 
chromosome 6BS in Langdon(DIC-6B), that accounted for 66% of phenotypic variation 
(Olmos et al., 2003).  This QTL was mapped as a simple Mendelian locus (Gpc-B1), 
and map-based cloning revealed a NAC transcription factor (TtNAM-B1) (Distelfeld et 
al., 2006) that was associated not only with increased GPC, but also increased zinc, and 
iron content (Uauy et al., 2006a).  This gene is also associated with leaf senescence and 
enhance N remobilization (Uauy et al., 2006a), indicative of a strong association 
between high GPC and N remobilization in lines carrying this gene.  The GPC QTL on 
chromosome 6HS of malting barley is orthologous to the Gpc-B1 (Distelfeld et al., 
2008).   
Chromosomal regions for genes controlling N remobilization and post-anthesis 
NUP have been identified in hexaploid wheat (Fatta et al., 2000; Khodos et al., 1987), 
but only QTL for N remobilization have been identified in barley (Mickelson et al., 
2003).  These QTL were found to overlap with QTL for N metabolism and localized on 
chromosomes 3, 4, 5, and 6 (Mickelson et al., 2003).  In hexaploid wheat, genes for N 
remobilization at high N supplies were detected on the short arm of chromosome 7BS 
(Fatta et al., 2000).  Khodos et al., (1987) reported genes on chromosomes 1B, 3D, 4B 
and 6A affect reutilization of N, while genes on chromosomes 1A, 4A and 1D had the 
greatest effect on post-anthesis NUP.    
 
2.5.  Genetic improvement of GPC  
2.5.1. Association of GPC with important agronomic traits 
Genetic improvement of GPC has been a major target of durum wheat breeding 
programs (Olmos et al., 2003).  However, yield and GPC are negatively correlated so 
that simultaneous improvement of both traits is difficult (Blanco et al., 2006; Groos et 
al., 2003; Cox et al., 1985b).  Such a relationship could be the result of dilution of N 
compounds by increasing carbohydrate deposition during grain development (Cox et al., 
1986; Jenner et al., 1991), or due to pleiotropic gene effects (Blanco et al., 2002).  
Competition for transport of proteins and sugars to the grain has also been 
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previouslydemonstrated (Fernandez-Figares et al., 2000).  Elevated GPC is usually 
found under adverse growing conditions for grain formation, since the production and 
translocation of compounds such as carbohydrates to the grain is more sensitive than is 
protein accumulation (Campbell et al., 1981).  However, studies have demonstrated the 
possibility of increasing yield without diminishing GPC (Loffler and Busch 1982; 
Stoddart and Marshall, 1990; Gooding and Davies, 1997; Rharrabti et al., 2001).  Cox et 
al., (1986); and Beninati and Busch (1992) reported major genes conferring increased 
GPC without significant effects on yield, suggesting that efforts to improve GPC can be 
accelerated by means of identification of genes that affect GPC and direct selection of 
the alleles with positive effects (Olmos et al., 2003).   
Plant height has been shown to be associated with expression of GPC in wheat.  
The Rht-B1 (previously designated as Rht1) and Rht-D1 (previously designated as Rht2) 
semi-dwarfing genes were introduced into commercial wheat cultivars from the 
Japanese variety Norin10 as part of wheat improvement programs in the USA and at 
CIMMYT (Ellis et al., 2002).  Incorporation of Rht-B1 resulted in improved lodging 
resistance and grain yield (Gale and Youssefian, 1985).  However, lines carrying these 
genes produce concomitant reductions in the sub-crown internodes and coleoptile 
length, and leaf area of wheat seedlings (Allan et al., 1961; Allan, 1989; Botwright et 
al., 2001).  In addition, this gene has been associated with reduced test weight in durum 
wheat (Clarke et al., 2009).   
Compared to the wild type allele (Rht-B1a), the dwarfing allele Rht-B1b contains 
a single base-pair change leading to a “TAG” stop codon shortly after the start of 
translation (Peng et al., 1999). This mutation results in a non-functional protein which 
reduces the plant's ability to respond to endogenous gibberellic acid (GA-insensitive).  
This allele is also thought to decrease cell wall extensibility (Keyes et al., 1990) and 
reduce epidermal cell length compared to standard height (rht) genotypes (Keyes et al., 
1989; Hoogendoorn et al., 1990).  However, lines carrying Rht-B1 have been shown to 
express significantly reduced GPC in four durum crosses (McClung et al., 1986), and 
these results were confirmed in near isogenic lines with different alleles of Rht-B1 
(Pinthus and Gale, 1990).  In a separate study, Blanco et al. (2002) reported a 
correlation of 0.62 between GPC and height in a tetraploid wheat population. However, 
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Vallega (1985) did not find any difference in GPC of tall and semi-dwarf genotypes in 
one durum cross, and Joppa and Walsh (1974) found no differences in semolina protein 
concentration for 26 isogenic semi-dwarf/tall pairs derived from 16 durum crosses.  In 
the latter study however, none of the populations were segregating for GA-insensentive 
dwarfing genes. The only Canadian semi-dwarf durum varieties are Commander and AC 
Navigator and both carry Rht-B1 (Pozniak, personal communiation) and express lower 
protein (Clarke et al. 2009).  Lines carrying Rht-B1 have increased seed size (Flintham 
et al., 1997), but the effects of Rht-B1 appear to be independent of dilution effects 
associated with larger seeds (Pinthus and Gale, 1990).  A number of alternative 
dwarfing genes (Rht4 to Rht20) have been reported to reduce plant height in wheat but 
show sensitivity to exogenous GA (Gale and Youssefian, 1985; Ellis et al., 2004). These 
genes do not shorten coleoptile length or decrease seedling vigour (Rebetzke et al., 
1999; Botwright et al., 2001, 2005; Ellis et al., 2004), but their effects on GPC are not 
yet known. 
  
2.5.2.  Use of wild relatives to improve GPC in wheat 
It is generally recognized that the level of genetic diversity for GPC in durum 
wheat elite germplasm has been declining due to the recurrent use of related elite 
germplasm and high selection pressure applied in breeding programs, especially for 
grain quality traits like GPC.  Recent molecular diversity studies suggest that most 
modern durum wheat cultivars can be traced to one or more of ten foundation cultivars 
(Maccaferri et al., 2003). Canadian cultivars can be traced to two or three founding 
varieties (Reimer et al., 2008). 
Wild relatives of durum wheat have shown promise as donors of useful genes for 
several traits, including disease resistance, drought tolerance, and grain protein quality 
(Blanco et al., 2006).  Large variation for GPC has been reported in collections of T. 
turgidum var. dicoccoides (Ciafi et al., 2008) and the QTL for GPC have been localized 
on almost all chromosomes (Levy and Feldman, 1989; Joppa and Cantrell, 1990) (see 
section 2.3.2.1.). The Gpc-B1 gene has been utilized in Canada (DePauw et al., 2005; 
2007), and in US durum crossing programs (Olmos et al., 2003; Distelfeld et al., 2004; 
2006) to improve GPC.  However, a major drawback of using wild germplasm is that it 
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contains many commercially unacceptable traits (Colmer et al., 2006).  Backcrossing 
has been used in durum wheat to transfer simply inherited traits but the application of 
backcrossing to the improvement of quantitative traits, such as GPC, has been limited 
mainly because of the low heritability and the difficulty of simultaneously transferring a 
large numbers of genes (Blanco et al., 2006). 
 
2.5.3.  Selection to improve GPC 
Breeding for elevated GPC in wheat breeding programs has relied mostly on 
intercrossing of local germplasm.  Depending on the breeding method employed, lines 
selected for agronomic merit at the F5 or F6 generations are usually evaluated for GPC 
measured using near infrared reflectance spectrophotometry (NIRS) (McCaig et al., 
1992; Knott, 1995).  However, because of strong GxE interactions, early generation 
selection for GPC in durum is not effective (Clarke et al., 2009) and should be practiced 
only in multi-location trials where average performance over a range of environments 
can be assessed.  Therefore, marker assisted selection (MAS) has been suggested as a 
technique to improve selection of quantitative traits like GPC (Khush, 2002).   
Marker-assisted selection is a method whereby a phenotype is selected based on 
a marker genotype. The advantages of MAS over conventional selection include: (1) 
less time and resources compared to phenotypic selection for those traits requiring  
multi-location field trials for trait assesment; (2) identification of true genotype as there 
is no environmental effect involved; (3) at-seedling stage selection; (4) possibilities of 
gene pyramiding, or multiple genes combination; (5) a reduction of linkage drag and 
thus minimizing the effects of linked, deleterious genes; (6) selection of low heritability 
traits; and (7) testing of specific traits where phenotypic evaluation is restricted or not 
possible (Collard et al., 2005). 
In wheat, several marker types are available for MAS, including restriction 
fragment length polymorphism (RFLP), amplified fragment length polymorphism 
(AFLP), simple sequence repeats (SSRs) and diversity array technology (DArT®) 
markers.  In wheat, SSR markers are numerous and are the most commonly used 
markers (Somers et al., 2004).  In addition, several SSR consensus maps of the wheat 
genome have been constructed (Somers et al., 2004), allowing targeted saturation of 
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QTL once they are identified.  However, with increasing sequence efforts in wheat, use 
of expressed sequence tags (EST) and single nucleotide polymorphism (SNP) markers 
are increasing in wheat (Gao et al., 2004; Ganal and Röder, 2007) and durum (Pozniak 
et al., 2007; Singh et al., 2009).   
Although numerous QTL have been identified for GPC (see Table 2.1), only a 
few have been used effectively to select for high GPC in wheat breeding programs 
(Humphreys et al., 1998).  This is largely because a) the QTL have not been precisely 
localized and span 10-15 cM; b) the expression of the majority of these QTL are 
environmentally dependent (significant in only a few environments); c) individually, the 
QTL explain very little of the phenotypic variation for GPC; and d) these QTL have not 
been validated as a selection tool in diverse genetic backgrounds (Prasad et al., 1999; 
Dholakia et al., 2001; Blanco et al., 2002).  In addition, most identified QTL for GPC 
are associated with a reduction in yield, the primary target of wheat breeding programs.  
For example, of the seven GPC QTL identified in durum wheat by Blanco et al. (2002), 
six were associated with reduced grain yield.  As such, QTL mapping studies for GPC 
must examine the association of tagged GPC QTL with grain yield before they can be 
implemented successfully in wheat breeding programs.  However some studies have 
shown the potential of selecting for GPC using marker assisted selection.  Humphreys et 
al. (1998) used RFLP markers to backcross Gpc-B1 from the wheat variety “Glupro” 
into two advanced breeding lines with marginal protein.  The majority of lines that 
carried Gpc-B1 from these crosses had 1% more GPC then their recurrent parent.  
DePauw et al. (2007) also introgressed Gpc-B1 into solid-stemmed hexaploid wheat 
backgrounds using marker assisted selection.  Most earlier released solid-stemmed 
wheat cultivars were low in GPC (DePauw et al., 2007), but introgression of Gpc-B1 
resulted in with GPC equivalent to hollow stemmed varieties and resulted in the release 
of the wheat cultivar “Lillian” (DePauw et al., 2005).  Lillian is also resistant to stripe 
rust (DePauw et al., 2007), probably due to Yr36, which is tightly linked to Gpc-B1 (Fu 
et al., 2009). Molecular transfer of Gpc-B1 locus into American durum wheat cultivars 
also produced a similar response (Olmos et al., 2003; Distelfeld et al., 2004; 2006; Uauy 
et al., 2006a).  However, the use of Gpc-B1 in Canadian durum wheat breeding 
programs has been limited as this gene does not appear to provide any advantage to 
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genes already existing in durum wheat cultivars (DePauw et al., 1998; Kovacs et al., 
1998).  As well, introgression of this gene into Canadian elite germplasm was associated 
with a large reduction in test weight, an important grading factor for durum wheat in 
Canada.  To date no commercial durum wheat cultivars grown in Canada contain this 
gene, but molecular assisted selection to incorporate this gene into lines carrying Rht-
B1b is underway in Canadian durum programs (Pozniak, personal communication).  It is 
hoped that this gene can offset the negative impact of Rht-B1b on expression of GPC in 
semi-dwarf cultivars (see section 2.4.2).  However, other useful genes must be identified 
for incorporation into conventional height cultivars. 
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Chapter 3 
IDENTIFICATION AND VALIDATION OF QUANTITATIVE TRAIT LOCI 
FOR GRAIN PROTEIN CONCENTRATION IN ADAPTED CANADIAN 
DURUM WHEAT POPULATIONS *) 
 
3.1.  Abstract 
 
Grain protein concentration (GPC) is one of the most important factors 
influencing pasta-making quality. Durum wheat varieties with high GPC produce pasta 
with greater cooked firmness and increased tolerance to overcooking.  However, genetic 
improvement of this important trait has been slowed by the large environmental effect 
on expression of GPC and the negative correlation with grain yield.  Understanding the 
genetics and identification of molecular markers associated with high GPC could help 
durum wheat breeders to select for high GPC breeding lines in earlier generations. The 
objectives of this study were to identify and validate molecular markers associated with 
quantitative trait loci (QTL) for elevated GPC in durum wheat.  A genetic map was 
constructed with SSR and DArT® markers in an F1-derived doubled haploid population 
from the cross DT695 x Strongfield.  GPC data were collected from replicated trials at 
six Canadian environments from 2002 to 2005.  QTL associated with variation for GPC 
were identified on the group 1, 2, and 7 chromosomes and on 5B and 6B, but only 
QGpc.usw-B3 on 2B and QGpc.usw-A3 on 7A were expressed consistently and 
significantly (LOD>3.0) at four and six environments, respectively.  Positive alleles for 
GPC at these loci were contributed by the higher-GPC parent Strongfield.  The 
QGpc.usw-A3 QTL was validated in a second DH population, and depending on 
environment, selection for the Strongfield allele resulted in +0.4% to +1.0% increase in 
GPC, with little effect on yield in most environments.  Given the consistent expression 
pattern in multiple populations and environments, QGpc.usw-A3 could be useful for 
marker-assisted selection for high GPC in durum wheat breeding programs. 
 
  
                                                 
*) This chapter is already published in Theoretical and Applied Genetics, August 2009, 119: 437-448. 
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3.2.  Introduction 
Grain protein concentration (GPC) and gluten quality of durum wheat (T. 
turgidum L. var. durum) are the most important factors influencing end-use suitability of 
durum semolina for pasta products (Distelfeld et al., 2006; Gonzalez-Hernandez et al., 
2004).  High GPC is associated with good pasta cooking firmness and tolerance to over-
cooking, particularly at high pasta drying temperatures (Autran et al., 1986; D’Egidio et 
al., 1990; Feillet and Dexter, 1996).  Semolina protein concentration accounts for 30 to 
40% of the variability in pasta cooking quality (Dexter and Matsuo, 1977).  Given the 
importance of GPC, genetic improvement has been the target of durum wheat breeding 
programs worldwide (Olmos et al., 2003), but genetic improvement has been slow, 
largely because of the inverse correlation between GPC and grain yield (Steiger et al., 
1996; Cox et al., 1985b).  Expression of GPC is also strongly influenced by 
environment (Blanco et al., 2006).  Adequate nitrogen fertilization and appropriate 
application timing can be used to elevate GPC (Feillet, 1988), but the continued use of 
fertilizers is becoming less economical.  Hence, development of varieties that are 
genetically predisposed to higher GPC is a better alternative. 
In hexaploid (T. aestivum L.) and durum wheat, the inheritance of GPC is 
complex with quantitative trait loci (QTL) reported on chromosomes 1B and 6A 
(Perretant et al., 2000), on the group 2 and 7 chromosomes (Dholakia et al., 2001; 
Prasad et al., 2003; Groos et al., 2003) and on 3A (Prasad et al., 2003; Groos et al., 
2003), 4A and 6B (Prasad et al., 2003) and 4D (Groos et al., 2003).  In durum wheat, 
Blanco et al. (1996) reported QTL for GPC on 4BS, 5AL, 6AS, 6BS and 7BS.  In 
addition, the high protein locus Gpc-B1 on 6B derived from T. turgidum L. var. 
dicoccoides has been cloned (Uauy et al., 2006a), and increases GPC by up to 1.5% 
with non-significant effects on protein quality, plant height, heading date, or yield in 
near isogenic backgrounds (Chee et al., 2001).  This gene is also associated with 
increased grain zinc, and iron content and is involved in leaf senescence (Uauy et al., 
2006a).   
In tetraploid wheat, most QTL have been identified from T. turgidum L. var. 
dicoccoides (Blanco et al., 2002; Olmos et al., 2003; Gonzalez-Hernandez et al., 2004; 
Blanco et al., 2006) and their use in Canadian breeding programs has been limited, 
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either because they do not improve protein concentration levels (Kovacs et al., 1998) or 
because of potentially negative effects on other important traits due to excessive linkage 
drag (Colmer et al., 2006).  Thus, identification of QTL associated with GPC in well 
adapted genetic backgrounds would be useful.  Strongfield, a Canadian durum wheat 
variety (Clarke et al., 2005), has consistently displayed high levels of GPC coupled with 
high yield in Canadian environments and has been used extensively in durum wheat 
crossing programs worldwide.  
Marker assisted selection has been suggested to enhance selection accuracy and 
efficiency especially for trait with complex inheritance, such as GPC.  There have been 
numerous reports on QTL for economic traits of durum wheat, but relatively few 
markers have actually been validated.  The objectives of this study were to identify and 
validate useful molecular markers associated with elevated GPC in durum wheat that 
could aid durum wheat breeders to select for this important trait in earlier generations. 
 
3.3.  Materials and methods 
3.3.1.  Plant material and trait evaluation 
One hundred and eighty five F1-derived doubled haploid (DH) lines from the 
cross DT695 x Strongfield (Figure 3.1; Clarke et al., 2005) were grown along with their 
parents in two replicate field trials in an alpha-lattice design at Regina (RG) and Swift 
Current (SC) in 2002; Saskatoon (ST), Regina and Swift Current in 2003; and 
Saskatoon in 2005.  Twenty four blocks each containing eight genotypes were nested in 
each replicate.  All locations are in Saskatchewan, Canada.  DT695 is derived from the 
cross DT471/2*Kyle (Figure 3.1).  Kyle is a Canadian durum wheat cultivar developed 
by Agriculture and Agri-Food Canada (Townley-Smith et al. 1987).  The doubled 
haploid lines were generated using the maize pollen procedure described by Knox et al. 
(2000).  At maturity (ZGS 9.0; Zadocks et al., 1974), plots were harvested with a small-
plot combine and dried to approximately 9% moisture.  Yield was converted to a kg ha-1 
based on area harvested.  Grain protein concentration (%) was determined on whole 
grain samples from individual plots using a FOSS-6500 Near Infrared Reflectance 
Spectrophotometer (NIRS) calibrated with reference samples analyzed for GPC using a 
Leco-N Analyzer (LECO FP-528).  Prediction of GPC by NIRS was confirmed by 
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analysis of 30 samples selected at random from the field trials of 2003 and 2005 using 
Leco-N analysis.  The seed weight of 1000 kernels (g) was also determined for each 
plot. 
 
 
 
Figure 3.1.  The pedigree of the DH mapping population used for GPC QTL 
identification. 
 
3.3.2.  Statistical analysis of phenotypic data 
For each environment, analysis of variance (ANOVA) was performed using 
PROC MIXED of SAS (SAS Institute Inc., 2003) where genotypes were considered 
fixed effects, and replications and blocks as random effects.  Genetic variance was 
estimated by performing the same analysis but with genotypes considered random.  For 
each environment, phenotypic variance (σ2p) was estimated as the sum of genetic 
variance (σ2g) and average variance estimate of residual (σ2e), such that σ2p = (σ2g + 
σ2e/r).  Heritability was estimated as the proportion of genetic variance to phenotypic 
variance, such that h2 = σ2g / (σ2g + σ2e/r).  Parental data was removed for heritability 
estimation.  Confidence intervals for heritability estimates (h2) were calculated 
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according to Knapp et al. (1985). The least square (LS) means from each environment 
were correlated using PROC CORR of SAS (SAS Institute Inc., 2003).   
 
3.3.3.  SSR and DArT® marker analysis 
For marker analysis, 94 lines from the DH population were randomly selected 
and the genomic DNA was extracted from two-week old plants using the cetyl 
(hexadecyl) trimethyl ammonium bromide (CTAB) method (Doyle and Doyle, 1990).  
Simple sequence repeat (SSR) markers showing polymorphism after an initial PCR 
screening of the parents were screened on the DH population.  The SSR included gwm 
(Röder et al., 1998), cfa and cfd (Sourdille et al., 2003), gdm (Pestsova et al., 2000), 
barc (Song et al., 2005; the GrainGenes database [http://wheat.pw.usda.gov]), wmc 
Gupta et al., 2002; http://wheat.pw.usda.gov/ggpages/SSR/WMC).  Reactions were 
performed in a 96-well PCR plate contained each 25 µl of a reaction mixture of 2.5 μL 
10x PCR buffer, 1.5 mM of MgCl2, 0.1 mM of each dNTP, 0.04 µM of M13 sequence-
modified forward SSR primer, 0.16 µM of reverse SSR primer, 0.16 µM of Universal 
dye-labeled M13 primer, 1 U of Taq DNA polymerase and 50 ng of genomic DNA.  The 
PCR cycle included an initial denaturation of 3 minutes at 940C; followed by 30 cycles 
of: 30 seconds at 940C, 45 seconds annealing, and 45 seconds at 720C; and 7 cycles of: 
30 seconds at 940C, 45 second at 530C, 45 seconds at 720C; and final extension of 10 
minutes at 720C.  Primer sequences and the annealing temperature were as reported 
previously (Röder et al., 1998, http://wheat.pw.usda.gov).  The forward primer of each 
SSR marker pair was modified by incorporating the M13 sequence to the 5’ end during 
synthesis (Schuelke, 2000).  The Universal M13 primer was labeled with either FAM, 
VIC, NED or PET fluorescent dyes.  Amplification products (0.5 μl) were combined 
with 9.5 μl HiDi formamide (ABI, Foster City, California) and 0.05 μl ROX size 
standard, and run on a 36 cm capillary electrophoresis (ABI 3130 Genetic Analyzer).  
The electropherograms were analyzed with GeneMapper version 4.0.  Markers with 
parental allele sizes differing by 8 bp were scored on 2% (w/v) agarose gel stained with 
0.5 μg/ml ethidium bromide.   
Diversity Array Technology (DArT®) markers generated by Triticarte Pty Ltd 
(Canberra, Australia; http://www.triticarte.com.au) are a cost-effective means to 
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generate genetic maps in a number of species (Wittenberg et al., 2005) including durum 
wheat (Pozniak et al., 2007) were applied in the DT695 x Strongfield population.  The 
DArT® analysis was performed by Triticarte Pty Ltd, and DH lines were scored for the 
presence or absence of hybridization based on fluorescence signal intensities.  Wheat 
DArT® markers previously mapped have been named, eg. wPt-8770, but in some cases 
clone names were used for identification (eg. 304069). 
 
3.3.4.   Genetic map and QTL analysis 
A genetic linkage map of the DT695 x Strongfield population was constructed 
using the Haldane mapping function within the software JoinMap® 3.0 (van Ooijen and 
Voorrips, 2004). To improve map robustness, markers displaying unusually high 
frequencies of double crossover events and/or segregation distortion were removed prior 
to final map construction.  Final map construction consisted of SSR and DArT® markers 
joined at a LOD score of 3.0 using the “Second Order” mapping function in JoinMap® 
3.0.  Linkage groups were assigned chromosome names by comparing markers on the 
generated map to previously published durum maps (Korzun et al., 1999; Nachit et al., 
2001; Elouafi and Nachit 2004) and the hexaploid wheat SSR consensus map (Somers et 
al., 2004). 
Least square (LS) means of GPC from the six environments were used in QTL 
analysis.  Simple interval mapping (SIM) was used first to identify markers most 
significantly associated with variation in GPC.  To enhance the power of QTL detection, 
the analyses were repeated using those markers identified by SIM as co-factors in a 
multiple QTL model (MQM) in MapQTL Version 5.0 (van Ooijen and Voorrips, 2004).  
For each environment, the genome-wide significance threshold (P<0.01) of the LOD 
score was determined as described previously (van Ooijen et al., 1999).  For each QTL, 
the average QTL effect (one half the differences between parental marker class means) 
was estimated by MapQTL.  Single factor ANOVA was used to assess marker 
association with phenotypic variance for those markers not assigned to linkage groups.  
The MQM-identified QTL were designated as QGpc.usw (University of Saskatchewan-
Pozniak laboratory designation) as per the recommended rules for gene symbolization in 
wheat. 
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3.3.5.   Marker validation 
A second population consisted of one hundred and ten F1-derived doubled 
haploid (DH) lines from the cross 9370-DJ**3 x Strongfield, along with their parents, 
were used to validate QTL identified in the DT695 x Strongfield population.  The parent 
9370-DJ**3 is a breeding line developed at the Semiarid Prairie Agricultural Research 
Centre, Agriculture and Agri-Food Canada, Swift Current, Saskatchewan.  The GPC 
data were obtained using NIRS on samples collected from each plot of two replicate-
field trials grown in an alpha-lattice design at Regina and Swift Current in 2002, and at 
Regina, Swift Current and Saskatoon in 2003.  Yield data was assessed on a plot basis 
and converted to kg ha-1 based on the plot area harvested.  Data for each environment 
were analyzed separately to generate LS means using PROC MIXED of SAS (SAS 
Institute Inc., 2003) where genotypes were considered as fixed effects, and replications 
and blocks as random effects.  The SSR markers linked to stable QTL identified in the 
DT695 x Strongfield population were analyzed against GPC LS means from the five 
environments using a single factor ANOVA with each marker considered as a fixed 
effect. 
 
3.4.  Results 
3.4.1.  Environmental conditions 
For this study, the two populations used for genetic analysis of GPC were 
evaluated in environments with very different environmental conditions (Table 3.1).  In 
2002 all test sites received above average precipitation, particularly in June when plants 
were tillering, and during grain fill in August.  In 2003, below average precipitation 
coupled with above average temperatures in July and August resulted in extreme 
drought stress at all three environments.  Above average precipitation at Saskatoon in 
June 2005 coupled with below average temperatures throughout the growing season 
delayed plant development and maturity compared to other environments. 
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Table 3.1.  Growing season precipitation (mm month-1) and average monthly temperatures (°C) in six environments used to evaluate 
the Strongfield x DT695 and validation mapping populations.  Average precipitation and monthly temperature at each environment 
were adapted from http://www.climate.weatheroffice.ec.gc.ca/climateData/dailydata_e.html 
 
 
Environment† 
Average precipitation (mm month-1)  Average monthly temperatures (°C) 
May June  July Aug Sept Total  May June  July Aug Sept 
SC 2002 12 123 73 102 59 369  8.7 15.7 19.5 15.3 12.0 
RG 2002 9 129 29 113 38 318  8.0 16.3 20.0 16.2 11.9 
RG 2003 31 31 42 12 25 141  11.6 16.0 19.8 20.9 11.5 
SC 2003 41 78 8 20 31 178  10.7 15.1 19.7 21.3 11.8 
ST 2003 14 31 64 31 25 165  11.8 15.9 18.2 20.6 11.3 
ST 2005 31 193 53 54 74 405  10.2 14.4 17.5 15.4 11.3 
30 Years Average *) 
SC 44 66 52 40 28 230  11.1 15.6 18.1 17.9 11.8 
RG 52 65 68 38 33 256  11.6 16.3 18.5 17.4 10.9 
ST 42 61 57 35 29 224  11.8 16 18.3 17.6 11.5 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
*) adapted from http://www.worldweather.org/056/c00628.htm 
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3.4.2.  Phenotypic data 
Grain protein concentration (%) data for the DT695 x Strongfield mapping 
population were collected using near-infrared spectroscopy (NIRS) following calibration 
with reference samples.  To validate the use of NIRS, 30 random plot samples were 
chosen from each environment and measured with Leco-N Analyzer (LECO FP-528).  
The NIRS GPC data showed a high correlation (range 0.95-0.97; P<0.01) with the 
LECO generated GPC data (Table 3.2). 
 
Table 3.2.  Pearson correlation coefficients between the NIRS and LECO GPC data 
collected in 2003 and 2005 testing environments. 
 
RG 2003 † ST 2003 SC 2003 ST 2005 
0.97** 0.95** 0.97** 0.97** 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
** = significant at the level of 0.01 of probability 
 
In the combined ANOVA over all environments, the GxE interaction was 
significant (P < 0.01) (Appendix 3.1).  As such, data is presented for each environment.  
The ANOVA for GPC revealed significant differences (P<0.01) among DH lines at all 
environments.  Across environments, GPC ranged from 11.1 to 16.6% for DT695 and 
from 13.3 to 17.6% for Strongfield (Table 3.3).  Strongfield had significantly higher 
(P<0.05) GPC than DT695 in all environments except at RG 2002 where GPC of 
Strongfield was only numerically higher (Table 3.3). 
At all environments, bi-directional transgressive segregation was evident for 
GPC (Figure 3.2) with the lowest transgressive segregant being significantly lower than 
the low-GPC parent in three environments. The range in GPC was lowest at SC 2003 
(3.1%), and highest at RG 2002 (5.0%) with an average range of 3.7% (Table 3.3).  At 
all environments, the GPC LS means were normally distributed based on the Shapiro-
Wilk test (Figure 3.2, Appendix 3.3).  The genetic variance of GPC across environments 
ranged from 0.20 to 0.53%, with heritability estimates ranging from 0.51 to 0.70 (Table 
3.3).  Correlation coefficients of LS means among environments ranged from 0.23 to 
0.68 (Table 3.4), consistent with strong environmental influence on phenotypic 
expression of GPC.   
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Table 3.3.  Least square means of GPC (%) for Strongfield and DT695, and high and 
low transgressive segregants observed across environments in the DT695 x Strongfield 
mapping population.  The genetic variances (σ2g) (%) and heritability estimates (h2) and 
95% confident intervals for each environment are also presented. 
 
 RG 2002† SC 2002 ST 2003 RG 2003 SC 2003 ST  2005 
DT695 13.9 11.1 16.6 13.3 15.9 13.2 
Strongfield 14.9 13.3 17.6 14.8 17.1 14.4 
Low 
transgressive 
 
12.8 11.0 15.5 12.7 15.4 12.0 
High 
transgressive 
 
17.8 14.4 18.8 16.3 18.5 15.4 
Population 
mean 
 
14.7 12.8 17.0 14.2 16.5 14.2 
σ2g 0.50 0.49 0.25 0.53 0.20 0.26 
h2 0.68 0.67 0.65 0.51 0.61 0.70 
h2 95% CI 0.55-0.77 0.56-0.75 0.53-0.74 0.35-0.63 0.48-0.71 0.59-0.77 
LSD 
(P < 0.05) 
1.1 1.0 0.8 1.0 0.9 0.9 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
 
 
Table 3.4.  Pearson correlation coefficients of GPC LS means of the DT695 x 
Strongfield mapping population observed across environments. 
 
 RG  2002† SC  2002 ST 2003 RG 2003 SC 2003 
SC 2002 0.58 **     
ST 2003 0.43 ** 0.52 **    
RG 2003 0.38 ** 0.56 ** 0.68 **   
SC 2003 ns 0.23 ** 0.44 ** 0.28 **  
ST 2005 0.39 ** 0.37 ** 0.54 ** 0.50 ** 0.24 ** 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
** = significant at the level of 0.01 of probability 
ns = not significant 
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Figure 3.2.   Distribution and normality of Least Square means of GPC among the DH 
lines of the DT695 x Strongfield mapping population over six environments.  P value 
greater than 0.05 means that the data are normally distributed. 
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The ANOVA showed that grain yields of Strongfield and DT695 were variable 
across environments, with Strongfield out-yielding DT695 only at SC 2003 and ST 2005 
(Table 3.5).  In contrast, DT695 produced statistically (P<0.05) more grain than 
Strongfield at RG 2003 (Table 3.5).  Average grain yields were less in 2003, likely 
because of drought conditions (Table 3.1).  The ANOVA indicated significant 
differences in grain yield among the DH lines in all environments (Appendix 3.2) and 
large transgressive segregation was evident.  The greatest range in yield was at ST 2005 
(2149 kg ha-1) and RG 2002 (2523 kg ha-1), but the latter site had higher residual 
variation compared to other sites (Table 3.5).  Likewise, 1000-kernel weights were 
highly variable and ranged from 31.0 to 51.4 g per thousand kernels for DT695 and 
from 30.1 to 47.9 g per thousand kernels for Strongfield (Table 3.5).  Strongfield grains 
weighted less than DT695, but differences were only significant at SC 2002, RG 2003, 
and ST 2005.  Large transgressive segregation for 1000-kernel weight was evident 
among the DH lines of the mapping population (Table 3.5).  The range in 1000-kernel 
weight was lowest at ST 2005 (11.0 g per thousand kernels) and highest at ST 2003 
(16.3 g per thousand kernels).  Despite the large range in 1000-kernel weight, significant 
negative correlations were observed between GPC and 1000-kernel weight only at SC 
2002 and ST 2005 (Table 3.5). In contrast, grain yield was negatively correlated with 
GPC at all six environments, with r values ranging from -0.45 to -0.51 (P<0.01; Table 
3.5). 
 
3.4.3.  Genetic map and QTL analysis 
A total of 488 SSR markers were scored on the parents of the mapping 
population and 190 (40%) markers produced polymorphic fragments.  Approx. 260 
DArT® markers were polymorphic and scored in the DH population.  The final genetic 
map was constructed based on “Second-order mapping function” which is a 
conservative test of linkage.  It consisted of 140 SSR and 205 DArT® markers that were 
joined into 25 linkage groups.  Twenty-four linkage groups could be assigned to a 
chromosome based on previously published genetic maps with the remaining linkage 
group consisting of 13 tightly linked DArT® markers and spanning approx. 30 cM.  
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Table 3.5.  Least square means of grain yield (kg ha-1) and 1000-kernel weight (g) for the DT695 x Strongfield population, Strongfield 
and DT695, and high and low transgressive segregants across six environments. The Pearson correlation coefficients between grain 
protein concentration, yield and 1000-kernel weight for this population across environments are also presented. 
 
Factor 1000-kernel weight (g) 
 
Grain Yield (kg ha-1) 
RG 2002† SC 2002 ST 2003 RG 2003 SC 2003 ST 2005 
 
RG 2002 SC 2002 ST 2003 RG 2003 SC 2003 ST 2005 
DT695 37.7 44.0 47.3 51.4 31.0 46.8 
 
4651 3285 2397 3321 1759 6055 
Strongfield 35.0 39.7 46.7 47.9 30.1 42.2 
 
5013 3329 2246 2932 2008 6757 
High transgressive 42.2 48.3 54.4 56.3 37.0 50.7 
 
5362 4047 2819 3723 2365 6928 
Low transgressive 30.7 36.0 38.1 41.3 25.5 39.7 
 
2839 2225 1567 2197 1348 4779 
Population mean 36.2 41.7 46.7 48.9 31.5 43.6 
 
4313 3265 2355 2889 1856 6007 
LSD (P<0.05) 4.2 3.1 3.6 2.6 2.2 3.7 
 
928 487 470 380 339 510 
GPC Correlation (r) -0.16* ns ns ns ns -0.33* 
 
-0.57** -0.51** -0.46** -0.59** -0.45** -0.48** 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
* = significant at the level of 0.05 probability; ** significant at the level 0.01 probability; ns = not significant 
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This group could not be assigned to a chromosome.  Chromosomes 1B and 3B were the 
only two chromosomes represented by a single linkage group, with the remaining 
represented by two linkage groups, one for each chromosome arm.  The order of SSR 
markers was in agreement with previously published wheat genetic maps (Groos et al., 
2003; Elouafi and Nachit, 2004; Somers et al., 2004; Blanco et al., 2006).  The final 
linkage map spanned 1474 cM, similar to previously published durum maps (Pozniak et 
al., 2007). 
Using MQM, nine QTL for GPC were identified (Figure 3.3).  The average 
effects of individual QTL ranged from 0.16-0.46% (Table 3.6), and no significant two-
way interactions between QTL were identified.  A QTL x environment interaction was 
evident for GPC in this population with six of the QTL being significant at only one 
environment (QGpc.usw-A1 on 1A, QGpc.usw-B1 on 1B, QGpc.usw-B2 on 1B, 
QGpc.usw-B4 on 5B QGpc.usw-B5 on 6B, QGpc.usw-B6 on 7B) (Table 3.6).  The 
QGpc.usw-A2 on 2A was significant at three environments (Table 3.6).  DT695 
contributed the allele for elevated protein at four of these QTL (QGpc.usw-B2, 
QGpc.usw-A2, QGpc.usw-B5 and QGpc.usw-B6; Figure 3.3), whereas Strongfield 
contributed alleles for elevated GPC at five of the QTL (QGpc.usw-A1, QGpc.usw-B1, 
QGpc.usw-B3, QGpc.usw-B4, and QGpc.usw-A3; Figure 3.3).  The QTL QGpc.usw-B3 
on 2B and QGpc.usw-A3 on 7A, were significant in five and six out of the six 
environments evaluated, respectively (Table 3.6).  The QGpc.usw-B3 was flanked by 
wPt-0694 and wmc41 and spanned approximately 11 cM and its effect ranged from 
0.20% at SC 2002 and SC 2003 to 0.26% at RG 2002.   The QGpc.usw-A3 QTL 
centered at barc281 and spanned approx. 10 cM (Figure 3.3) with a QTL effect ranging 
from 0.18% at ST 2005 to 0.46% at RG 2003 and was flanked by gwm4 and barc108.  
Strongfield, contributed alleles for elevated GPC at both QGpc.usw-B3 and QGpc.usw-
A3 (Figure 3.3). None of the markers excluded from the genetic linkage map were 
significantly associated with grain protein. 
To determine if the GPC QTL identified were associated with variation in grain 
yield and 1000-kernel weight, single marker analysis was performed for those markers 
identified as being most associated with variation in GPC.  Single marker analysis for 
1000-kernel weight revealed that only markers at the QGpc.usw-B2, QGpc.usw-B4 and 
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Table 3.6.  QTL associated with variation in GPC in the DT695 x Strongfield doubled haploid population.  QTL effects are presented 
for markers closest to the centre of the QTL.   
 
 
 
Chromosomes QTL
LOD Effect LOD Effect LOD Effect LOD Effect LOD Effect LOD Effect
1A QGpc.usw-A1 nsb - ns - ns - 3.2** 0.19 ns - ns -
1B QGpc.usw-B1 ns - ns - 3.8** 0.24 ns - ns - ns -
1B QGpc.usw-B2 ns - ns - ns - 5.6** 0.27 ns - ns -
2A QGpc.usw-A2 4.9** 0.35 4.1** 0.23 ns - 5.1** 0.22 ns - ns -
2B QGpc.usw-B3 2.6** 0.26 3.4** 0.20 ns - 3.7** 0.20 ns - 4.8** 0.22
5B QGpc.usw-B4 ns - ns - ns - ns - 3.9** 0.19 ns -
6B QGpc.usw-B5 ns - ns - ns - ns - 3.6** 0.19 ns -
7A QGpc.usw-A3 4.9** 0.36 9.5** 0.37 10.5** 0.46 2.4* 0.16 8.5** 0.32 3.0** 0.18
7B QGpc.usw-B6 ns - ns - ns - ns - ns - 3.1** 0.20
SK 2003 SK 2005RG 2002 SC 2002 RG 2003 SC 2003
 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
a  Parent contributing the positive allele (high GPC) at each QTL where St = Strongfield and DT = DT695. 
b  ns not significant at the 5% significance level, **LOD score significant at the 1% level, *LOD significant at the 5% level  
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Figure 3.3.  QTL associated with GPC identified in the DT695 x Strongfield population.  Red boxes indicate that the allele effect is 
contributed by Strongfield, while blue boxes indicate that the allele effect is contributed by DT695.  Values in the left 
hand side of the chromosomal bars indicate the genetic distance (cM) between markers.  Notations in the right hand side 
of chromosomal bars indicate the molecular markers 
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Figure 3.3.  (continued from page 42) 
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QGpc.usw-B5 were associated with 1000-kernel weight variation (Table 3.7).  The 
QGpc.usw-B2 was also associated with variation in grain yield at ST in both 2003 and 
2005. The QGpc.usw-B4 QTL was associated with 1000-kernel weight at five (P<0.05) 
of the six environments evaluated and the allele for reduced 1000-kernel weight was 
contributed by Strongfield, the high protein parent. The two major GPC QTL 
QGpc.usw-B3 and QGpc.usw-A3 were not associated with 1000-kernel weight in any of 
the environment evaluated (Table 3.7).  However, Strongfield alleles at QGpc.usw-B3 
and QGpc.usw-A3 were associated with reduced 1000-kernel weight, but each only in a 
single environment (Table 3.7) 
 
3.4.4.  Marker validation 
In the 9370-DJ**3 x Strongfield validation population, ANOVA for GPC using 
a mixed linear model revealed highly significant differences (P<0.01) among DH lines 
across environments (Appendix 3.4).  When combined over environments, the GxE 
interaction was significant (Appendix 3.5).  As such, data is presented for each 
environment.  Across environments, GPC ranged from 11.9 to 17.8% for 9370-DJ**3 
and from 13.3 to 17.6% for Strongfield (Table 3.8).  Significant differences in GPC 
between the parents could only be observed at RG 2002, but bi-directional transgressive 
segregation in this population was evident across environments (Table 3.8; Figure 3.4).  
The range in GPC was lowest at RG 2002 (3.4%), and highest at SC 2002 (5.4%) (Table 
3.8) with an average range of 4.3%.  Correlation coefficients of LS means among sites 
ranged from 0.27 to 0.67 (Table 3.9).  At all environments, the GPC LS means were 
normally distributed based on the Shapiro-Wilk test (Figure 3.4; Appendix 3.6).  Grain 
yield was statistically similar (P>0.05) between parents, except at SC 2002 where 
Strongfield produced more grain (Table 3.8).  However, yield was variable in the DH 
population with statistical differences (P<0.01) between high and low transgressive 
segregants at all sites (Table 3.8).  As in the DT695 x Strongfield population, there was 
a strong negative correlation between grain protein and grain yield with r values ranging 
from -0.33 to -0.75 (Table 3.10). 
Given the consistent expression of QGpc.usw-B3 and QGpc.usw-A3 in the 
DT695 x Strongfield population (See section 3.4.3), markers linked to these QTL were
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Table 3.7.  Single factor ANOVA for association between yield (kg ha-1) and 1000-kernel weight (g) and markers significantly 
associated with grain protein concentration QTL in the DT695 x Strongfield doubled haploid mapping population (See Table 3.6). 
Only markers with significant F-tests are presented. 
 
     F-values 
GPC QTL : markers Chrom. Trait SC 2002† RG 2002 ST 2003 SC 2003 RG 2003 ST 2005 
QGpc.usw-A1: 
gdm33 
1A Yield ns ns ns ns ns ns 
 KWT ns ns ns ns ns ns 
QGpc.usw-B2: 
barc18 
1B Yield ns ns 23.28** ns ns 18.06** 
 KWT 9.13 ** ns 9.05 ** 18.63** ns ns 
QGpc.usw-A2: 
barc201 
2A Yield 6.11* ns ns ns 7.50** ns 
 KWT ns ns ns ns ns ns 
QGpc.usw-B3: 
wmc41 
2B Yield ns ns ns ns ns 5.62* 
 KWT ns ns ns ns ns ns 
QGpc.usw-B4: 
wmc73 
5B Yield ns ns ns ns ns ns 
 KWT 6.89 * 5.49 * ns 10.13 ** 5.08 * 8.52 ** 
QGpc.usw-B5: 
barc79 
6B Yield ns ns ns ns ns ns 
 KWT 8.14 ** ns 6.08 * ns 5.07 * ns 
QGpc.usw-A3: 
barc108 
7A Yield ns ns ns ns 15.4** ns 
 KWT ns ns ns ns ns ns 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
*  = significant at the level of 0.05 probability 
** = significant at the level of 0.01 probability 
ns = not significant 
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Table 3.8.  Least square means of grain protein concentration (%) and grain yield (kg ha-1) in the 9370-DJ**3 x Strongfield validation 
population, its parents, and high and low transgressive segregants. 
  
  
Grain protein concentration (%)  Yield (kg ha-1) 
RG 2002† SC 2002 RG 2003 SC 2003 ST 2003   RG 2002† SC 2002 RG 2003 SC 2003 ST 2003 
Strongfield 14.5 13.1 16.3 17.0 17.8  4573 3558 2794 1986 2620 
9370-DJ**3 12.8 12.3 16.5 18.0 17.8  5134 2894 2981 1857 2510 
High transgressive 15.8 16.4 19.1 19.8 19.9  5711 4227 3748 2504 3201 
Low transgressive 12.4 11.0 14.2 16.0 15.9  2847 1783 1739 1323 1784 
Population mean 13.9 12.8 16.6 17.7 17.8  4538 3094 2797 1906 2512 
LSD (P<0.05) 0.8 1.0 0.9 1.2 0.6   647 660 301 238 379 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
 
Table 3.9.  Pearson correlation coefficients of GPC LS means of the 9370-DJ**3 x Strongfield validation population observed across 
environments. 
 
 RG  2002† SC  2002 RG 2003 SC 2003 
SC 2002 0.52 **    
RG 2003 0.53 ** 0.34 **   
SC 2003 0.44 ** 0.27 ** 0.60 **  
ST 2003 0.47 ** 0.32 ** 0.67 ** 0.61 ** 
†RG = Regina, SC = Swift Current, ST = Saskatoon 
** = significant at the level of 0.01 of probability 
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Figure 3.4.  Distribution and normality of Least Square means of GPC among the 9370-
DJ**3 x Strongfield validation population over five environments. P value greater than 
0.05 means that the data are normally distributed. 
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validated against GPC LS means of the 9370-DJ**3 x Strongfield population from five 
locations for marker-QTL association validation.  Of the markers linked to QGpc.usw-
A3 (Figure 3.3), only barc108 was polymorphic but consistently showed significant 
(P<0.01) association with high GPC in the validation population (Table 3.10).  The 
effects of the Strongfield allele at barc108 ranged from +0.4% at RG 2002 to +1.0% at 
ST 2003 (Table 3.10).  Despite the association with GPC in this population at all 
environments, barc108 was associated with variation in grain yield only at RG 2003 and 
ST 2003 (Table 3.10).  At those sites, DH lines carrying the Strongfield allele had 226 
kg ha-1 (RG 2003) and 213 kg ha-1 (ST 2003) lower yield than lines carrying the 9370-
DJ**3 allele (Table 3.10).  Of the DH lines carrying the Strongfield allele, 58% had 
yield and GPC similar or greater than Strongfield at RG 2003.  Similarly, 72% had 
similar or greater yield and GPC than Strongfield at ST 2003 (Table 3.10).   None of the 
markers at QGpc.usw-B3 (Figure 3.3) were polymorphic in the validation population, 
and thus the QTL could not be verified. 
 
Table 3.10.  Single factor ANOVA for barc108 and GPC and yield in the 9370-DJ**3 x 
Strongfield validation population.  Least square means for genotypes homozygous for 
barc108 (QGpc.usw-A3) and standard error of the difference (SED) between the two 
marker classes are presented. 
 
 RG 2002 SC 2002 RG 2003 SC 2003 ST 2003 
barc108 F-test-GPC 5.65** 9.16** 12.76** 5.51* 22.56** 
barc108 F-test-yield ns ns 10.58** ns 13.63** 
Yield-GPC 
Correlation (r) 
-0.33** -0.75** -0.75** -0.71** -0.68** 
barc108 class Least square means  
Strongfield allele      
GPC (%) 14.0 13.0 17.0 17.8 18.2 
Yield (kg ha-1) 4512 3110 2680 1870 2400 
Proportion   81% 79% 58% 81% 72% 
9370-DJ**3 allele      
GPC (%) 13.6 12.4 16.1 17.3 17.2 
Yield (kg ha-1) 4614 3220 2906 1927 2613 
GPC SED (%) 0.14 0.19 0.23 0.18 0.20 
Yield SED (kg ha-1) 149 76 118 41 68 
†RG = Regina, SC = Swift Current, ST = Saskatoon, *  = significant at the level of 0.05 
probability, ** = significant at the level of 0.01 probability 
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3.5.  Discussion 
The present study was initiated to identify QTL associated with elevated GPC in 
an adapted durum wheat background, as most QTL reported to date in durum wheat are 
derived from T. turgidum L. var. dicoccoides.  Blanco et al. (2002) reported seven QTL 
for elevated GPC from T. dicoccoides on 4BS, 5AL, 6AS (two loci), 6BS, 7AS, and 
7BS.  Unfortunately, six out of seven QTL were associated with reduced grain yield 
with the exception of the 6B QTL (Blanco et al., 2002).  The Gpc-B1 locus on 6BS from 
T. dicoccoides (Olmos et al., 2003; Distelfeld et al., 2004; Distelfeld et al., 2006; Uauy 
et al., 2006) is the most studied and has been suggested as an effective gene to be used 
for elevation of GPC. The effect of this gene is independent of protein quality, plant 
height, heading date, and yield (Chee et al., 1998) and durum recombinant lines carrying 
this gene have shown improved GPC (Kovacs et al., 1998). However, this locus did not 
provide protein genes superior to those already available in Canadian durum wheat 
germplasm (DePauw et al., 1998; Kovacs et al., 1998).  These results suggest that other 
more effective genes for GPC exist, and efforts to identify additional genes for high 
GPC in adapted backgrounds are warranted. 
Validation of the use of NIRS for assessing GPC was confirmed with the high 
correlation of GPC of the 30 random plot samples chosen from each environment and 
measured with both the NIRS and LECO-N Analyzer.  The high correlation between 
NIRS and LECO generated GPC consistent with earlier studies (Long et al., 2008) and 
confirmed NIRS data were reliable for predicting GPC for the mapping study. 
The effect of GxE interactions was significant for GPC (Appendix 3.1) as shown 
by the low correlation of LS means among environments (Table 3.4), and also by the 
variable expression of QTL in different environments (Table 3.6). This was not 
surprising given the dramatically different environmental conditions observed over the 
three years of testing (Table 3.1), and as shown by the moderate heritability of GPC 
(Table 3.3).   
Numerous reports have shown that GPC negatively correlates with 1000-kernel 
weight and grain yield likely because of protein dilution by starch content (Groos et al., 
2003, Cox et al., 1985b).  The highest GPC is usually found under adverse conditions 
during grain fill since starch synthesis and its re-deposition to the grain is more sensitive 
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to adverse growing conditions than that of protein (Campbell et al., 1981).  Significant 
negative correlations between GPC and 1000-kernel weight at SC 2002 and ST 2005 
were evident (Table 3.5 ) indicative of the presence of genetic factors segregating in the 
population that are likely pleiotropic on GPC.  Despite the negative correlations between 
GPC and 1000-kernel weight, only QGpc.usw-B2, QGpc.usw-B4 and QGpc.usw-B5 
were associated with 1000-kernel weight (Table 3.7).  Of these three, QGpc.usw-B4 was 
associated with 1000-kernel weight in nearly all environments tested (Table 3.7) and the 
allele for reduced 1000-kernel weight was contributed by Strongfield, contributor of the 
high GPC allele at this locus (Figure 3.3).  Thus QGpc.usw-B4 is likely not associated 
with GPC per se, but is likely associated with grain protein dilution by the reduced 
starch content in smaller seeds from Strongfield.  The allele for reduced 1000-kernel 
weight at QGpc.usw-B2 and QGpc.usw-B5 were contributed by DT695 (Figure 3.3).  In 
most environments, DT695 had larger seed weight than Strongfield (Table 3.5), and thus 
these QTL are likely associated with 1000-kernel weight and have a corresponding 
pleiotropic effect on GPC. 
In this study, Strongfield showed an average 1.4% (P<0.05) higher GPC 
compared to DT695 (Table 3.3), consistent with an earlier report of Strongfield 
expressing high GPC (Clarke et al., 2005).  Bidirectional transgressive segregation for 
GPC was observed in the DT695 x Strongfield mapping population (Table 3.3), and 
indicates that neither Strongfield nor DT695 carry all of the desirable alleles for elevated 
GPC.  This was confirmed by the QTL analysis showing QTL contributions to GPC 
from both parents (Figure 3.3).  However, at RG 2003 only QTL with positive effects 
from Strongfield were identified (Table 3.6, Figure 3.3), despite a greater than 3% range 
in GPC at that environment (Table 3.3).  This implies that additional smaller effect QTL 
maybe segregating in this population that were not identified either because of the 
variability in phenotypic data or due to lack of marker coverage in some genomic 
regions (Figure 3.3). Only 1B and 3B had adequate marker coverage to form a single 
linkage group, with the remaining chromosomes represented by at least two linkage 
groups.  Addition of molecular markers in the regions not adequately covered would 
resolve this hypothesis. 
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The genetic region for GPC on chromosome 6BS of the wild tetraploid accession 
Acc. FA-15-3 (T.  turgidum var dicoccoides)  (Avivi 1978; Joppa et al., 1997; Olmos et 
al., 2003), designated Gpc-B1, is located within an approximately 0.3-cM interval of 
gwm508 and gwm193 (Khan et al., 2000; Olmos et al., 2003; Distelfeld et al., 2004), or 
within 245-kb physical contig interval of Xuhw89 and Xucw71 (Distelfeld et al., 2006).  
Our QGpc.usw-B5 QTL (Figure 3.3) was localized very close to Gpc-B1 on 
chromosome 6BS (Khan et al., 2000; Olmos et al., 2003; Distelfeld et al., 2004), but 
was associated with 1000-kernel weight in half the environments (Table 3.7) and only 
associated with GPC QTL in one of the six environments.  Thus this QTL is likely 
different from Gpc-B1. 
At a physiological level, GPC is influenced by a number of factors including 
nitrogen uptake, assimilation, and remobilization to the grain during grain filling.  The 
early steps of nitrate and ammonia assimilation or remobilization involve three gene 
families, those coding for nitrate reductase (NAR), nitrite reductase (NIR), glutamate 
synthase (GOGAT) (Boisson et al., 2005).  The wheat glutamine synthetase (GS2) gene 
has been mapped to the telomeric regions of the group 2 chromosomes (Habash et al., 
2007) and is likely not associated with the QGpc.usw-B3 QTL on 2B in this study which 
is located near the centromere (Figure 3.3).  Using Chinese Spring chromosome deletion 
lines, Fd-Glutamate synthase (Fd-GOGAT) genes have been localized to the group 2 
chromosomes near the centromere (Boisson et al., 2005) and maybe associated with the 
QGpc.usw-B3 identified in this study.  A nitrate reductase (NAR) gene has been reported 
on the short arm of chromosome 7A (Habash et al., 2007), and thus would not be 
associated with QGpc.usw-A3 localized to the long arm of 7A. 
The GPC QTL QGpc.usw-A1 on chromosome 1A (Figure 3.3) localized to a 
region known to house gliadin and glutenin genes.  The Gli-A1 locus identified by 
Elouafi and Nachit (2004) was linked to gwm136, as was the QGpc.usw-A1 QTL of this 
study.  Protein quality was not evaluated in this study, but the influence of the 1A region 
on gluten strength needs to be assessed prior to recommending this QTL for marker 
assisted selection.   An additional QTL on chromosome 1B (QGpc.usw-B1) was flanked 
by DArT markers 378083 and 344673 located in the distal region away from the 
centromere.  The distal region of chromosome 1BS contains the Gli-B1/Glu-B3 loci 
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(Blanco et al., 1998) and is likely not associated with QGpc.usw-B2, as this QTL has a 
pleiotropic effect on 1000-kernel weight and yield in some environments (Table 3.7), 
and it is more probable that genetic factors influencing kernel size and/or yield are 
located in this region. 
The GPC QTL QGpc.usw-A3 identified in this population has yet to be reported 
in durum wheat, but is likely the same as that reported in the hexaploid wheat Avalon x 
Hobbit RIL population, as both are closely linked to barc108 (Turner et al., 2004).  The 
presence of a common QTL in durum and bread wheat confirms the importance of this 
QTL and suggests a common genetic mechanism for grain protein accumulation or 
remobilization in the two species.  The QGpc.usw-B3 marked by wmc41 has yet to be 
reported, but it is homeologous to QTL identified on chromosome 2D which is also 
associated with wmc41 (Prasad et al., 1999).  The wmc41 marker has been validated to 
be a good marker for high GPC QTL in hexaploid wheat (Harjit-Singh et al., 2001).  
Unfortunately, wmc41 was not polymorphic in the 9370-DJ**3 x Strongfield validation 
population, and therefore could not be validated.  However, 9370-DJ**3 had similar 
GPC to Strongfield in most environments (Table 3.8), perhaps because this line is 
already fixed for this major QTL. 
The GPC QTL QGpc.usw-A2 on 2A reported in this study was detected at three 
locations with no negative pleiotropic effect on 1000-kernel weight.  However, this QTL 
was associated with reduced grain yield at SC 2002 and RG 2003.  This QTL is likely 
similar to that reported for gluten strength in durum wheat DH population derived from 
the cross Kyle2*/Biodur (Knox et al., 2004).  The linked marker gwm339 reported in 
Kyle2*/Biodur population was also found to be closely linked to QGpc.usw-A2 in 
population studied here.  The same QTL was also reported in a RIL population of T. 
turgidum var. durum x T. turgidum var. dicoccoides which explained approx. 16.8% of 
phenotypic variation (Blanco et al., 2006).  Thus, our results also confirm the presence 
of GPC QTL on chromosome 2A marked by gwm339. 
The most conservative approach to justify QTL useful for marker assisted 
selection is by selecting those QTL that are identified in multiple environments and/or in 
multiple populations, and are not associated with pleiotropic effects on other important 
traits.  In this study, several QTL were identified in the DT695 x Strongfield population, 
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but the two stable QTL, QGpc.usw-B3 on 2B and QGpc.usw-A3 7A, are the most 
promising targets for marker assisted breeding because there were consistently 
expressed in a range of environments (Table 3.6) representing dramatically different 
conditions (Table 3.1).  Individually, QGpc.usw-B3 and QGpc.usw-A3 result in an 
average QTL effect of 0.23 and 0.30%, respectively, with no negative pleiotropic effect 
on 1000-kernel weight.  However, these two QTL were associated with a small 
reduction in yield in some environments.  In the DT695 x Strongfield population 
QGpc.usw-A3 was significantly associated with GPC in all environments (Table 3.6), 
but the high GPC allele at this QTL was only associated with reduced yield at RG 2003 
(Table 3.7).  Similarly, in the validation population, this QTL was associated with GPC 
in all five environments (Table 3.10), but only associated with reduced yield in two 
environments.  Despite the association with reduced yield at these sites, a high 
proportion of lines (>58%) had yield equal to or greater than Strongfield, coupled with 
high GPC equivalent to Strongfield at these two sites (Table 3.10).  This, together with 
the strong negative correlation between yield and GPC suggests that this QTL is only 
weakly associated with grain yield. 
The discovery of molecular markers linked to phenotypic variation is only a 
preliminary step in establishing a marker-assisted selection program for genetic 
improvement as QTL may be population-specific and their effects on phenotypic 
expression may be significantly overestimated, particularly for complex traits like GPC.  
In this study, we have validated the potential of selecting for the QGpc.usw-A3 QTL in a 
separate validation population as this QTL was expressed in the DT695 x Strongfield 
population in the majority of environments evaluated.  Averaged over five locations, 
selection for the QGpc.usw-A3 QTL independently resulted in an average 0.3% increase 
in protein.  This result confirms that selection of this locus, at least in crosses involving 
Strongfield, can be an effective means to improve or maintain GPC levels in durum 
wheat breeding programs.  Given the consistent expression of the QGpc.usw-A3 QTL in 
a number of locations and in two populations, this QTL should be a useful target for 
marker assisted selection.  However, validation of this QTL in diverse genetic 
backgrounds is still required to confirm that this marker would be useful in other 
breeding populations.  Production of near isogenic lines (NILs) for the QGpc.usw-A3 
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QTL in multiple genetic backgrounds should be examined to confirm the expression of 
this QTL in those backgrounds.  Confirmation would further warrant efforts to pursue 
finer mapping and positional cloning using the NILs to elucidate the gene(s) associated 
with elevated GPC at this QTL. In addition, these NILs could be used to better 
understand the physiological mechanisms associated with elevated GPC as the result of 
this QTL. 
 
3.6. Conclusion 
In this study, QTL associated with variation for GPC were identified on the 
homoeologous group chromosomes 1, 2, and 7 and on chromosome 5B and 6B in the 
DT695 x Strongfield population, but QTL x environment interaction was evident.  The 
two most stable QTL QGpc.usw-B3 and QGpc.usw-A3 were consistently expressed in a 
range of environments representing dramatically different climatic conditions.  Positive 
alleles for GPC at these loci were contributed by the high-GPC parent Strongfield.  
Individually, the QGpc.usw-B3 and QGpc.usw-A3 QTL resulted in an average GPC 
effect of 0.23% and 0.30%, respectively, with no negative pleiotropic effect on kernel 
weight.  These two QTL were associated with a small reduction in yield in some 
environments. The QGpc.usw-A2 on chromosome 2A that was contributed by DT695 
might also worth considering as this QTL and its marker gwm339 was reported 
previously in a DT695-related DH population. This QTL contributed an average allele 
effect of 0.27% for GPC.  The close association between barc108 and the QGpc.usw-A3 
QTL was validated in another Strongfield-related DH population.  Depending on 
environments, selection for the Strongfield allele at barc108 resulted in +0.4% to +1.0% 
increase in GPC.  Given the consistent expression of the QGpc.usw-A3 QTL in diverse 
genetic backgrounds and in a number of locations, this QTL should be a useful target for 
marker assisted selection.  In conclusion we identified a major QTL for high protein 
concentration originating in domesticated durum from the cultivar Strongfield that could 
aid durum wheat breeders in selecting for this important trait at earlier generations. 
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Chapter 4 
 
PHYSIOLOGICAL ANALYSIS OF GRAIN NITROGEN ACCUMULATION IN 
DURUM WHEAT 
 
4.1.  Abstract 
 Grain protein concentration is influenced by nitrogen (N) uptake, assimilation, 
and remobilization to the grain.  Little is known about these physiological factors in 
relation to variable expression of GPC in durum wheat grain.  The objective of this 
research was to investigate N remobilization and post-anthesis N uptake (NUP) in 
relation to GPC.  Eighteen genotypes varying in GPC were grown at three pre-selected 
locations with varying levels of soil N.  Significant genotype x environment (GxE) 
interactions were detected for 1000-kernel weight (g), grain yield (kg ha-1), GPC, grain 
protein yield (kg ha-1) and post-anthesis N uptake (mg plant-1), but not for remobilized N 
(NR; mg plant-1).  Irrespective of soil N levels, N remobilization was the major 
contributor to grain N, accounting for an average of 84.3% of grain protein.  This study 
confirmed that introgression of chromosome 6B from T. durum var. dicoccoides into 
Langdon resulted in increased GPC, and this GPC increase was due to higher N 
remobilization.  There was variation in post anthesis NUP among the cultivars tested, 
and Strongfield and a series of doubled haploid lines pre-selected for high GPC from the 
cross DT695 x Strongfield showed more post-anthesis NUP.  The semi-dwarf cultivars 
Commander and Westbred 881 had low GPC, and because they did not accumulate N 
post-anthesis, most grain protein was derived only from N remobilization.   
 
4.2.  Introduction 
At a physiological level, grain protein formation involves several steps, 
including accumulation of N in vegetative organs and its subsequent remobilization to 
reproductive organs for protein synthesis (Norman et al., 1992; Sheehy et al., 2004; Zhu 
et al., 2007).  These processes are under genetic control, but their expression is also 
influenced by growing environments and their interactions with genotypes (Triboï et al., 
2000).  During vegetative growth, plants absorb N in the form of either nitrate or 
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ammonium ions from the soil to meet the needs of structural growth.  In the plant, N is 
further converted to ammonia, and is rapidly incorporated into organic compounds 
through a number of metabolic pathways (Barker and Bryson, 2007).  The early steps of 
nitrate and ammonia assimilation or remobilization involve three gene families, those 
coding for nitrate reductase (NAR), nitrite reductase (NIR), glutamine 
synthetase/glutamate synthase (GS/GOGAT) (Good et al., 2004; Boisson et al., 2005).   
During the grain filling period, the amount of N uptake is much smaller than the 
demand for N accumulation in grains. As such, a large part of N is remobilized from the 
vegetative organs in the form of amino acids to the grains for protein synthesis (Mae, 
1997; Zhu et al., 2007).  The proportion of remobilized N in the harvested grain is 
environmentally-dependent and can account for 60 to 92% of the total grain protein 
(Austin et al., 1977; Cox et al., 1985a, 1985b, 1986; Papakosta and Garianas, 1991). 
Uptake of nitrate and ammonia from the soil after flowering also tended to elevate GPC 
(Blackman and Payne, 1987), especially under the condition of adequate soil N and 
water availability (Egle et al., 2007).  In winter wheat, both N remobilization and post-
anthesis NUP contribute to elevated GPC, and NAR activity is highly correlated with 
post-anthesis NUP and GPC (Kichey et al., 2007).   
In general, greater vegetative N concentration at anthesis results in a larger pool 
of available N for translocation to grains, and consequently higher GPC (Ntanos and 
Koutroubas, 2002).  Wang et al. (2003) reported that Canadian bread wheat cultivars 
with elevated GPC were more efficient at translocating N from vegetative tissue to the 
grains.  Elevated GPC in the durum wheat introgression line Langdon(DIC-6B) was also 
due to better N remobilization to the grains (Deckard et al., 1996; Kade et al., 2005).  
However, there are currently no studies on the physiology of N accumulation in current 
durum wheat cultivars showing variable expression of GPC.  In particular, expression of 
high GPC is poor in semi-dwarf durum wheat cultivars (McClung et al., 1986; Pinthus 
and Gale, 1990), and understanding the physiological basis for this deficiency could 
allow durum wheat breeders to develop a strategy to elevate GPC in semi-dwarf types.    
The objective of this research was to investigate N remobilization and post-
anthesis NUP in relation to elevated GPC in a collection of durum wheat cultivars and 
breeding lines with variable GPC. 
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4.3.  Materials and Methods 
4.3.1.  Plant materials and experimental design 
Eighteen genotypes varying in GPC were used in this study.  These genotypes 
included Strongfield (high GPC) and DT695 (low GPC), the isogenic pair 
Langdon(DIC-6B) and Langdon, semi-dwarf cultivars Commander and Westbred 881, 
and two groups of doubled haploid (DH) selections derived from the cross DT695 x 
Strongfield (see Chapter 3).   Based on 2002 and 2003 field trials, these DH lines did not 
show significant differences (P>0.05) in grain yield, days to maturity, or seed size, but 
were variable for GPC. 
Experiments were carried out at Crop Research Farms of the University of 
Saskatchewan, Canada (Kernen in 2005, and at Goodale and Nasser in 2006).  A 
randomized complete block design with three replicates was used for each environment.  
Prior to planting, soil N levels at all experimental locations were determined at 0 to15-, 
15 to 30- and 30 to 60-cm depths.  Soil samples were homogenized and analyzed for 
NO3-N content at the Enviro-Test Laboratories Agricultural Services, Saskatoon, 
Saskatchewan, Canada.  Plot size for each experimental unit was 1.2 x 3.6 m2 consisting 
of five rows with a 20 cm between-row space.  The seeding rate was 250 seeds per m-2.  
Seeding was conducted on May 14th 2005, May 18th, May 23rd, 2006 at Kernen, Goodale 
and Nasser, respectively.  An 11-55-0 (N-P-K) fertilizer was applied at the rate of 56.7 
kg hectare-1.  No irrigation was supplied at any of the environments and monthly 
precipitation (mm month-1) during the growing seasons was recorded (Table 4.2).   
 
4.3.2.  Trait evaluation 
 For each  plot, plants in the first row were used for tissue sampling, while plants 
in the remaining four rows were used for plot-based evaluation of grain yield (kg ha-1), 
days to heading (59 of the Zadocks growth scale; ZGS), days to maturity (90 ZGS), 
plant height (cm), GPC (%), and grain protein yield (kg ha-1; grain yield x GPC).  For 
tissue N-analysis, five plants were randomly taken on each of four sampling dates: at 
anthesis (65 ZGS); Zadocks et al., 1974), milk stage (75 ZGS), dough stage (85 ZGS) 
and physiological maturity (90 ZGS).  Samples were partitioned into lower leaves (all 
leaf blades except the flag leaf), stem (culm and leaf sheath), flag leaf, and spike (chaff 
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and grain), and dried at 600C for 72 hours.  The dried samples were weighed and then 
ground using a Thomas Willey laboratory grinder (model 4, Arthur H. Thomas Co., 
Philadelphia, PA) fitted with a 1 mm2 screen, and N content was determined using the 
combustion method with a FP-528 LECO N Analyzer (LECO Corporation, St Joseph, 
MI).  Protein concentration was determined as N concentration multiplied by a 
coefficient of 5.7 (Williams et al., 1998; AACC, 2000). Nitrogen content (mg) was 
calculated as dry weight of the respective plant part multiplied by its N concentration.  
Samples were measured for moisture using AACC approved method No. 44-15A 
(AACC, 2000), and protein concentration (%) and N content (mg) are presented on a 
14% moisture basis.   
Total plant nitrogen (TPN; mg plant-1) was determined by summing the N 
content (mg) of all individual plant parts.  The remobilized N (NR; mg plant-1) was 
calculated as TPN at anthesis not recovered from vegetative tissue at physiological 
maturity.  Post-anthesis NUP (mg plant-1) was calculated as the difference between TPN 
at physiological maturity and TPN at anthesis.  The proportion of the remobilized N in 
the grain (GrainNR) was calculated as the ratio of NR to the total grain N at 
physiological maturity.  Vegetative N (VegN) was calculated as the sum of N content 
(mg) of all individual vegetative parts. Nitrogen harvest index (NHI) was calculated as 
the ratio between grain N to the TPN at physiological maturity.  All data related to N 
content are presented on a per plant basis. 
 
4.3.3.  Statistical analysis 
  Data from all locations were analyzed using PROC MIXED of SAS (SAS 
Institute Inc., 2003). Because genotypes and environments were intentionally pre-
selected, these factors were treated as fixed effects.  Least square (LS) means were 
estimated and the standard error of differences (SED) was estimated using the “pdiff” 
command. 
 
4.3.4.  Barc108 marker analysis 
  The microsatellite marker barc108 that was associated with the GPC QTL 
QGpc.usw-A3 on chromosome 7A (Chapter 3) was used to genotype the DH selections 
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(after selections were made).  The DNA extraction and PCR reaction were identical to 
those in section 3.3.3.  Contrast analysis was also carried out for post-anthesis NUP, NR, 
NHI and GrainNR for DH selections carrying Strongfield allele at barc108 versus DH 
selections DT695 allele at barc108. 
 
4.4. Results 
4.4.1.  Environmental conditions 
The Kernen, Goodale and Nasser crop research farms are located in the black 
soil climatic zone of Saskatchewan with clay, loam, and clay loam textures, respectively.  
A pre-seeding soil analysis indicated variable soil N levels (Table 4.1).  Soil N levels 
were highest at Kernen with 34.6 kg ha-1 at 0-15 cm depth.  Goodale had lower soil N 
than Nasser at the 0-15 cm depth, but more N at the 15-20 cm and 30-60 cm depths 
(Table 4.1). 
Above average precipitation was received during the early growing season in 
May at Goodale and Nasser, but May precipitation was lower than the 30-year average 
at Kernen (Table 4.2).  Above average precipitation was received during vegetative 
growth in June at all environments.  In contrast, lower than average precipitation was 
received at Goodale and Nasser in 2006 during the flowering period in July, with 
average precipitation at Kernen. Average precipitation was received during the grain fill 
period in August at Goodale and Nasser, but above average precipitation at Kernen 
(Table 4.2).   
 
Table 4.1.  Soil NO3-N level based on pre-seeding soil test report (Enviro-Test 
Laboratories Agricultural Services, Saskatoon, Canada) at the experimental locations of 
Kernen 2005, Goodale 2006 and Nasser 2006. 
 
 NO3-N level (kg ha-1) 
Kernen 2005 Goodale 2006 Nasser 2006 
0 to15 cm-depth 34.6 13.6 17.3 
15 to 30 cm-depth 13.6 19.6 13.6 
30 to 60 cm-depth 45.7 32.1 19.8 
Total 93.9 65.3 50.7 
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Table 4.2.  Precipitation (mm month-1) during the study at the experimental locations of 
Kernen 2005, Goodale 2006 and Nasser 2006.  Average precipitation and monthly 
temperature at each environment were collected from Kernen research station 
metrological data. 
 
 
Precipitation (mm month-1) 
May June July August Sept Total 
Kernen 2005  31 193 53 54 74 405 
Goodale 2006 59 113 37 37 144 390 
Nasser 2006 57 102 39 35 46 279 
Saskatoon 30-year (1975-
2005) monthly average **) 42 61 57 35 29 224 
**) adapted from http://www.worldweather.org/056/c00628.htm 
 
4.4.2.  Effect of environments on agronomic traits, TPN and its partitioning, and N 
remobilization and post-anthesis N uptake related traits 
 
Significant environmental effects were obvious for all measured variables 
including plant height, days to heading, days to maturity, 1000-kernel weight (Table 4.3; 
Appendix 4.1), grain yield, GPC and grain protein yield (Table 4.4; Appendix 4.1).  
Averaged over all cultivars, plant height and 1000-kernel weight were significantly 
lower (P<0.05) at Nasser, but there was no difference between Kernen and Goodale 
(Table 4.3).  On average, cultivars headed six days later at Kernen than at Goodale and 
Nasser, and differences (P<0.01) in days to maturity were significant among all three 
environments.  As expected, grain yield was highest at Kernen and lowest at Nasser 
(Table 4.4).  Grain protein concentration (%) and grain protein yield (kg ha-1) were also 
highest at Kernen.   
 
Table 4.3.  Least square means of plant height, days to heading, days to maturity and 
1000-kernel weight at at Kernen 2005, Goodale 2006 and Nasser 2006. 
 
Locations Plant height 
(cm) 
Days to 
heading (d) 
Days to 
maturity (d) 
1000-kernel 
weight (g) 
Kernen 2005 115 60 108 44.7 
Goodale 2006 110 54 91 45.4 
Nasser 2006 80 54 85 39.6 
LSD (P<0.05) 4 1 1 1.2 
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Figure 4.1.  Changes in total plant nitrogen (TPN; mg plant-1), stem, leaves, flag leaf, 
and chaff portions at Kernen 2005 (top), Goodale 2006 (middle) and Nasser 2006 
(bottom).  Each point in the graph line represents data of 18 genotypes with three 
replicates. SEM = standard error of means.  
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Table 4.4.  Least square means of grain yield, GPC and protein yield at Kernen 2005, 
Goodale 2006 and Nasser 2006. 
 
Locations Grain yield (kg ha-1) GPC (%) Protein yield (kg ha-1) 
Kernen 2005  5518 13.7 757 
Goodale 2006 3884 11.9 462 
Nasser 2006 2355 10.2 239 
LSD (P<0.05) 137 0.2 20 
 
 
Averaged over all cultivars evaluated, variation in total plant nitrogen (TPN) was 
detected among environments throughout phenological development.  Total plant 
nitrogen increased over sampling time, but the rates of increase were different among 
locations (Figure 4.1; Appendix 4.2 and 4.3).  The TPN increase at Kernen was the 
greatest, followed by Goodale, while no significant TPN increase was observed after 
anthesis at Nasser (Appendix 4.1, and 4.3).  Significant differences in the total 
accumulated N at anthesis (TPN-An) were also detected among environments with 
Nasser having the lowest TPN-AN (Figure 4.1; Appendix 4.3).  At all sampling times, 
the stem (culm and leaf sheath) contained the majority of vegetative N, and was the 
predominant source of N for remobilization (Figure 4.1).  Following anthesis, N content 
decreased in almost all vegetative organs in all three environments, with the most rapid 
decrease observed at Nasser, but increase in N content was still detected in the chaff and 
flag leaf at Kernen, and delay in N loss was observed in the chaff and flag leaf at 
Goodale (Figure 4.1). 
Averaged over all cultivars, grain nitrogen (GN), NR and post-anthesis NUP 
varied among the contrasting environments (Figure 4.2; Appendix 4.2 and 4.3).  At 
Kernen and Goodale, there was a linear increase in GN after anthesis, but at Nasser, the 
rate of increase declined after the milk stage.  Post-anthesis NUP was only evident at 
Kernen and Goodale. 
At physiological maturity, the amount of the remobilized N (mg plant-1) was 
constant across environments but differences in nitrogen harvest index (NHI), and the 
proportion of grain N derived from remobilization (GrainNR) were evident (Table 4.5).  
Post-anthesis NUP was highest at Kernen, followed by Goodale and Nasser.  At Nasser, 
most of N in the grains was derived from N remobilization (Table 4.5). 
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Figure 4.2.  Changes in total plant nitrogen (TPN; mg plant-1) in relation to grain 
nitrogen (GN; mg plant-1), remobilized N (NR; mg plant-1) and post-anthesis NUP (mg 
plant-1) at four sampling times during grain fill at Kernen 2005 (top), Goodale 2006 
(middle) and Nasser 2006 (bottom).  Each point represents the data of 18 genotypes with 
three replicates. SEM = standard error of means. 
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Table 4.5.  Least square means of nitrogen harvest index (NHI), remobilized N (NR), 
post-anthesis NUP, and the proportion of the remobilized nitrogen in the grains (Grain 
NR) at Kernen 2005, Goodale 2006 and Nasser 2006. 
 
Locations NHI (%) NR (mg) Post-anthesis NUP (mg) GrainNR (%) 
Kernen 2005 72.3 26.2 9.7 73.6 
Goodale 2006 76.6 26.6 4.6 85.7 
Nasser 2006 75.7 26.9 1.9 93.5 
LSD (P<0.05) 3.4 1.9 1.0 2.8 
 
 
4.4.3.  Effect of genotypes, and GxE interaction on agronomic traits, TPN, and N 
remobilization and post-anthesis N uptake related traits 
 
Significant differences among genotypes were observed for plant height, days to 
heading, and days to maturity at each environment, but the combined analysis of 
variance revealed that the GxE interaction was not significant (P>0.05) (Appendix 4.1).  
As expected, Strongfield and DT695 were taller than the semi-dwarf cultivars 
Commander and Westbred 881, while the isogenic pair Langdon(DIC-6B) and Langdon 
had similar height, but were the tallest cultivars (Table 4.6).  Days to heading and 
maturity were also similar for Langdon and Langdon(DIC-6B) in all environments.  
Contrast analysis revealed that days to heading and days to maturity were similar 
between the high- and low-GPC DH selections (P>0.05), except for days to maturity at 
Goodale, where the low-GPC DH selections matured on average six days earlier than 
the high-GPC DH selections (Table 4.6).  Plant heights were similar among the majority 
of high- and low-GPC DH selections, except for the low-GPC DAQ-02* which was 
significantly taller than all other DH selections in all environments (Table 4.6).   
The GxE interaction was significant (P<0.01) for 1000-kernel weight and grain 
yield (Appendix 4.1).  Significant variation among genotypes for 1000-kernel weight 
was observed at Kernen and Goodale, but not at Nasser.  At Kernen, where the largest 
range in seed size was observed, Langdon had significantly smaller seeds than 
Langdon(DIC-6B) (Table 4.7). Strongfield was statistically higher yielding (P<0.01) 
than the other check cultivars at Kernen but expressed grain yield similar to DT695 and 
Commander at Goodale and Nasser (Table 4.7). Westbred 881 was consistently the 
lowest yielding cultivar at all sites.  No statistical differences (P>0.05) in grain yield 
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were detected between Langdon(DIC-6B) and Langdon at any of the environments.  The 
range in yield among the high- and low-GPC DH selections was similar at Kernen and 
Goodale (Table 4.7).  Averaged over genotypes within each selection group, the high-
GPC DH selections yielded less grain (P<0.05) than the low-GPC DH selections only at 
Nasser (Table 4.7). 
Significant variation in GPC was detected among genotypes and growing 
conditions (Appendix 4.1).  Averaged over all three environments, Langdon(DIC-6B), 
which carries Gpc-B1, consistently had 2.2% higher GPC than Langdon (Table 4.7). 
Strongfield had significantly higher GPC than DT695 only at Nasser, but higher GPC 
than the semi-dwarf cultivar Commander at Kernen and Goodale.  Westbred 881 
expressed GPC similar to Strongfield and Langdon(DIC-6B) in all environments (Table 
4.7).  The high-GPC DH selections had higher GPC (P<0.01) than the low-GP DH 
selections in all environments (Table 4.7).  Averaged over all three environments, the 
difference in GPC between these two selected groups was 1.2%.  However, at Goodale, 
some lines in the low-GPC DH selection group had GPC similar to the average of the 
high-GPC DH selections.  Likewise, DAC-04*, a high-GPC DH selection had GPC 
similar to most of the low-GPC DH selections at that environment (Table 4.7). 
Consistent with GPC and grain yield, grain protein yield also varied among 
genotypes and environments, and the GxE interaction was significant (Table 4.7; 
Appendix 4.1).  Strongfield was the only check cultivar that expressed high grain yield 
and high GPC, and had the highest grain protein yield (Table 4.7).  All high-GPC DH 
selections had grain protein yields similar to Strongfield in all environments, except 
DAC-04*, which had low yield, and thus lower grain protein yield.  Compared to 
Langdon, Langdon(DIC-6B) had higher grain protein yield at Kernen (P<0.05), but not 
at Goodale and Nasser (Table 4.7). 
  Total plant nitrogen at anthesis (TPN-An) describes the capacity of the plant to 
accumulate and store N in vegetative organs prior to remobilization to the developing 
grains.  At Kernen and Goodale, Langdon had the lowest TPN-An of the check cultivars, 
and was significantly lower than its near isogenic pair Langdon(DIC-6B) (Table 4.8).  
No significant differences in TPN-An were detected among genotypes at Nasser.  
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Table 4.6. Least square means of plant height, heading date and maturity date of the evaluated genotypes at Kernen 2005 (Krn), 
Goodale 2006 (Gdl) and Nasser 2006 (Nsr). 
 
Genotypes Plant height (cm) Heading Date [d.a.s. a)] Maturity date [d.a.s. a)] 
Krn  Gdl Nsr Mean Krn  Gdl Nsr Mean Krn  Gdl Nsr Mean 
Check cultivars             
Strongfield 108 103 79 97 60 52 53 55 108 90 85 94 
DT695 121 113 81 105 59 53 53 55 108 91 85 95 
Commander 94 92 70 86 59 53 54 55 106 91 86 94 
Westbred 881 82 82 71 78 56 51 51 53 104 90 84 93 
Langdon(DIC-6B) 135 141 98 124 60 54 54 56 106 89 96 94 
Langdon 134 138 98 123 60 54 55 56 110 91 85 95 
Low-GPC DH             
DAH-46* 106 102 76 95 60 54 55 56 108 85 85 95 
DAN-08* 118 113 79 103 62 55 55 57 108 85 85 95 
DAE-01* 123 113 83 106 60 54 54 56 110 85 85 95 
DAQ-02* 133 126 95 117 62 55 55 57 110 86 86 96 
DAD-04* 115 110 76 101 62 55 55 57 109 86 86 96 
DAH-07* 113 110 78 100 61 53 53 56 109 84 84 95 
Average 118 116 81 103 61 54 54 56 109 85 85 95 
High-GPC DH             
DAD-09* 124 116 85 108 59 53 52 55 108 91 84 94 
DAB-06* 101 91 71 88 60 53 53 55 109 91 86 95 
DAG-02* 123 115 82 107 61 54 53 56 111 92 86 96 
DAD-10* 110 103 73 95 60 53 54 56 109 91 86 95 
DAC-04* 114 106 73 99 59 52 54 55 107 91 85 94 
DAL-08* 111 102 77 95 61 53 53 56 110 90 86 96 
Average 114 105 77 99 60 53 53 56 109 91 86 95 
             
L vs H contrasta ns ** ns * ns ns ns ns ns ** ns ns 
LSD (P<0.05) 5.5 7.2 6.7 3.7 1 1 1 0.5 2 2 2 1 
aContrast analysis of means of high and low GPC DH selections where ns = not significant (p>0.05), * significant at P<0.05 and ** significant at P<0.01. 
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Table 4.7.  Least square means of 1000-kernel weight, grain yield, GPC and protein yield of the evaluated genotypes at Kernen 2005 
(Krn), Goodale 2006 (Gdl) and Nasser 2006 (Nsr). 
 
 
Genotypes 
1000-kernel weight  (g) Grain yield (kg ha-1) GPC (%) Protein yield (kg ha-1)
Kern Gdl Nsr Mean Krn Gdl Nsr Mean Krn Gdl Nsr Mean Krn Gdl Nsr Mean
Check cultivars    
Strongfield 44.4 45.3 38.2 42.6 6117 4130 2484 4244 13.8 13.7 10.9 12.8 846 565 269 560
DT695 47.3 49.0 41.1 45.9 5438 4389 2564 4130 13.4 12.7 9.2 11.7 728 555 236 507
Commander 47.0 49.7 41.6 46.1 5785 4082 2460 4109 13.0 11.5 10.2 11.6 755 470 251 492
Westbred 881 44.6 45.7 42.9 44.4 4505 3529 2048 3361 14.0 12.9 12.2 13.0 631 455 250 445
Langdon(DIC-6B) 48.9 44.5 35.7 43.0 4964 3280 1614 3286 15.8 11.6 12.0 13.1 784 382 195 454
Langdon 41.6 43.5 38.5 41.2 4713 2838 1895 3149 12.2 10.7 9.9 10.9 578 301 187 355
Low-GPC DH    
DAH-46* 44.9 44.9 37.6 42.5 6039 3658 2621 4106 12.4 11.2 9.0 10.9 751 406 236 464
DAN-08* 44.3 45.8 42.1 44.1 6254 3717 2503 4158 12.4 11.0 9.8 11.1 773 408 245 475
DAE-01* 40.9 45.1 39.3 41.8 5606 3745 2646 3999 14.0 10.6 9.6 11.4 784 398 254 479
DAQ-02* 46.5 45.6 40.9 44.3 5172 3583 2563 3773 13.1 12.5 9.2 11.6 679 445 234 453
DAD-04* 38.9 42.1 35.3 38.8 5912 4456 2578 4315 12.8 11.0 9.0 10.9 758 490 233 494
DAH-07* 51.2 47.0 40.5 46.2 5038 3993 2684 4205 12.6 12.2 9.7 11.5 748 489 259 498
Average 44.5 45.1 39.3 43 5670 3859 2599 4093 12.9 11.4 9.4 11.2 749 439 244 477
High-GPC DH    
DAD-09* 41.7 42.8 40.4 41.6 5335 4272 2295 3967 14.7 12.4 10.2 12.4 783 530 234 516
DAB-06* 44.8 45.3 38.1 42.7 5592 4501 2171 4088 15.0 12.5 10.1 12.5 839 563 219 540
DAG-02* 46.9 48.0 39.1 44.7 5646 4165 2430 4080 14.6 12.8 10.2 12.2 824 486 247 519
DAD-10* 47.7 44.5 41.4 44.6 6075 3754 2297 4042 13.9 12.7 10.9 12.5 845 475 252 524
DAC-04* 42.4 44.1 40.6 42.4 4885 3682 2215 3594 14.9 11.0 11.2 12.4 726 410 249 462
DAL-08* 41.3 44.6 38.9 41.6 5345 4136 2318 3943 15.0 11.6 10.9 12.5 798 483 255 512
Average 44.1 44.9 39.8 42.9 5480 4085 2288 3952 14.7 12.2 10.6 12.4 803 491 243 512
    
L vs H contrasta  ns ns ns ns ns ns * ns ** ** ** ** ** ** ** **
LSD (P<0.05) 3.4 3.7 4.6 2.3 402 792 281 335 0.9 1.1 1.2 0.6 81 104 42 49
aContrast analysis of means of high and low GPC DH selections where ns = not significant (p>0.05), * significant at P<0.05 and ** significant at P<0.01. 
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Averaged over all environments, Strongfield had higher (P<0.05) TPN-An than 
all other check cultivars, but no differences were detected among the high- and low-
GPC DH groups in any environment (Table 4.8).  The remaining N in the vegetative 
organs at physiological maturity (VegN-PM) was similar among the check cultivars.  
However, in all three environments, VegN-PM was significantly higher in the high-GPC 
selections compared to the low-GPC DH selections at all environments (Table 4.8). 
Corresponding with stem (culm and leaf sheath) as the primary source of 
vegetative N (Figure 4.1), variation in stem N content at anthesis was observed among 
the genotypes (Table 4.9).  At Kernen and averaged over locations, the stem N content 
of Strongfield was similar (P>0.05) with that of DT695, but was significantly greater 
than the stem N content (P<0.05) of the semi-dwarf cultivars Commander and 
Westbread 881.  A tendency that high GPC cultivars had higher stem N content was still 
observed at Goodale and Nasser. Averaged over locations, Langdon(DIC-6B) had 
higher stem N content than Langdon.  Except at Nasser, low-GPC DH selections 
demonstrated higher stem N content than high-GPC DH selections (Table 4.9). 
Remobilized N (mg plant-1) was assessed as the TPN at anthesis not recovered 
from vegetative tissue at physiological maturity.  Statistical differences in NR were 
detected among cultivars in all three environments.  Strongfield showed higher NR than 
the other checks at Goodale and Nasser but no statistical difference between 
Langdon(DIC-6B) and Langdon was detected at Nasser, or between Strongfield and 
DT695 and the semi-dwarf cultivars (Table 4.10).  At Goodale, Commander 
remobilized less N than Strongfield, and was more similar to DT695 at that 
environment.  Westbred 881 had the lowest NR at Kernen and Nasser, but was 
statistically similar to Strongfield at Goodale.  No significant differences in NR were 
detected between the high- and low-GPC DH selections, although there was a tendency 
for high GPC cultivars to demonstrate higher TPN-An (Table 4.8) and higher NR 
(Table 4.10). 
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Table 4.8.  Least square means of total plant nitrogen at anthesis (TPN-An) and 
vegetative nitrogen at physiological maturity (VegN-PM) of the evaluated genotypes at 
Kernen 2005 (Krn), Goodale 2006 (Gdl) and Nasser 2006 (Nsr). 
 
 
  
Genotypes 
TPN-An (mg plant-1) VegN-PM (mg plant-1) 
Krn  Gdl  Nsr Mean Krn  Gdl  Nsr Mean 
Check cultivars         
Strongfield 39.8 43.3 36.7 39.9 12.6 14.3 8.3 11.7 
DT695 39.6 40.0 32.5 37.4 13.8 17.6 8.3 12.7 
Commander 38.1 39.8 33.5 37.1 13.0 16.3 9.1 12.8 
Westbred 881 36.6 39.3 32.3 36.0 11.7 13.5 8.6 11.3 
Langdon(DIC-
6B) 
41.5 39.8 36.9 41.5 12.8 12.8 8.0 11.2 
Langdon 37.1 33.2 37.0 35.7 15.4 16.7 9.9 13.0 
Low-GPC DH        
DAH-46* 40.8 43.7 34.8 40.4 12.2 11.9 8.2 11.9 
DAN-08* 38.6 43.7 35.4 39.2 11.3 14.7 8.3 11.4 
DAE-01* 46.1 44.5 38.4 43.0 22.5 19.2 10.6 17.4 
DAQ-02* 41.0 44.7 35.9 40.5 12.0 15.2 9.2 12.1 
DAD-04* 39.5 46.7 33.2 39.8 13.3 16.4 7.6 12.4 
DAH-07* 41.7 46.6 34.8 41.0 12.9 16.4 8.7 12.6 
Average 41.3 45.0 35.4 40.7 14.1 15.6 8.8 12.9 
High-GPC DH        
DAD-09* 41.8 43.1 35.9 40.3 17.3 18.3 8.7 13.7 
DAB-06* 42.5 45.0 38.2 41.9 22.0 25.2 9.0 16.2 
DAG-02* 39.4 41.1 33.5 38.0 22.6 21.6 9.2 16.3 
DAD-10* 39.1 43.1 34.2 38.8 17.0 22.6 8.8 14.3 
DAC-04* 39.9 43.9 36.7 40.2 15.3 16.9 8.5 13.6 
DAL-08* 37.9 43.9 37.8 39.9 21.8 20.9 18.3 15.7 
Average 40.1 43.4 36.1 39.9 19.3 20.9 10.4 15.0 
         
L vs H contrasta ns ns ns ns ** ** * * 
LSD (P<0.05) 3.1 5.0 5.5 2.3 3.1 4.0 1.4 1.5 
aContrast analysis of means of high and low GPC DH selections where ns = not significant (P>0.05), * 
significant at P<0.05 and ** significant at P<0.01. 
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Table 4.9.  Least square means of stem N content at anthesis of the evaluated genotypes 
at Kernen 2005, Goodale 2006 and Nasser 2006. 
 
 
 
Genotypes 
Stem N content (mg) 
Kernen 
2005 
Goodale 
2006 
Nasser 
2006 
Mean 
Check cultivars     
Strongfield 20.6 22.6 19.5 20.9 
DT695 19.5 20.2 16.4 18.6 
Commander 16.6 20.7 17.1 18.1 
Westbred 881 18.0 20.2 16.3 18.1 
Langdon(DIC-6B) 19.8 22.0 19.6 20.5 
Langdon 20.4 16.3 19.6 18.8 
Low GPC    
DAH-46* 19.0 24.1 18.9 20.7 
DAN-08* 23.3 24.1 18.6 22.0 
DAE-01* 24.1 23.5 17.8 21.8 
DAQ-02* 21.7 24.3 21.0 22.3 
DAD-04* 20.6 24.4 17.7 20.8 
DAH-07* 19.9 28.2 18.0 22.1 
Average 21.4 24.8 18.7 21.7 
High GPC    
DAD-09* 22.0 23.6 19.5 21.7 
DAB-06* 20.2 24.1 17.8 20.7 
DAG-02* 19.6 19.0 17.2 18.6 
DAD-10* 18.5 21.4 17.3 19.1 
DAC-04* 20.9 24.4 17.4 20.9 
DAL-08* 18.8 22.4 18.2 19.8 
Average 20.0 22.5 17.9 20.1 
     
L vs H contrasta ** ** ns ** 
LSD (P<0.05) 2.5 4.2 3.9 2.3 
aContrast analysis of means of high and low GPC DH selections where ns = not significant (P>0.05), * 
significant at P<0.05 and ** significant at P<0.01. 
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Statistical differences in post-anthesis NUP were detected among cultivars in all 
environments (Table 4.10; Appendix 4.1).  Of the check cultivars, Strongfield had the 
highest post-anthesis NUP when data was averaged over all environments.  At Kernen, 
Strongfield had significantly higher post-anthesis NUP than Commander and Langdon, 
but at Goodale, all of the check cultivars had similar post-anthesis NUP, except for 
Westbred 881 which had no detectable N uptake after anthesis.  At Nasser, DT695 had 
similar post-anthesis NUP to Strongfield, but had better capacity for post-anthesis NUP 
than the semi-dwarf cultivars Commander and Westbred 881, and also better than 
Langdon and Langdon(DIC-6B).  No significant difference (P>0.05) in post-anthesis 
NUP was detected between Langdon and Langdon(DIC-6B) in any of the 
environments, but post-anthesis NUP was numerically higher in Langdon(DIC-6B) at 
Kernen (Table 4.10).  Variation was evident for post-anthesis NUP within the selected 
high- and low-GPC DH groups.  DAE-01* had the highest post-anthesis NUP of the 
low-GPC DH selections and was statistically similar to that of the high-GPC DH 
selections when averaged over all environemtns.  DAC-04*, the lowest yielding of the 
high-GPC DH selections (Table 4.7), expressed poor post-anthesis NUP relative to the 
remaining five high-GPC DH selections (Table 4.10)  However, on average, the high-
GPC selections showed greater post-anthesis NUP (P<0.05) at all three environments 
(Table 4.10). 
At Nasser, NHI of high-GPC cultivars Strongfield and Langdon(DIC-6B) was 
significantly (P<0.05) higher than that of DT695 and Langdon, respectively (Table 
4.10).  The semi-dwarf cultivars Commander and Westbred 881, similar to DT695, had 
lower NHI.   The low-GPC DH selections had similar NHI to the high-GPC DH 
selections in all environments (P>0.05), with most of low-GPC DH selections 
expressing NHI similar to Strongfield. 
 Nitrogen remobilization was the primary source of grain N for all cultivars, but 
the proportion of grain N derived from remobilization (GrainNR) was variable among 
cultivars in all environments (Table 4.10).   At Kernen, Strongfield had the lowest 
GrainNR of the check cultivars, but was not statistically different from Langdon(DIC-
6B) and DT695 (Table 4.10).  Similarly at Nasser, the GrainNR for Strongfield was the 
lowest of all checks, but was not statistically different from DT695.
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Table 4.10. Least square means of post-anthesis NUP, remobilized N (NR), nitrogen harvest index (NHI), and grain NR of the 
evaluated genotypes at Kernen 2005 (Krn), Goodale 2006 (Gdl) and Nasser 2006 (Nsr).  The DH selections carrying 
Strongfield allele at barc108 (+) and DT695 allele at barc108 (-) are also presented. 
 Genotypes NR (mg plant-1) post-anthesis NUP (mg plant-1) NHI (%) GrainNR (%) 
Krn  Gdl  Nsr Mean Krn  Gdl  Nsr Mean Krn  Gdl  Nsr Mean Krn  Gdl  Nsr Mean 
Check cultivars                 
Strongfield 26.0 28.9 27.4 27.5 10.2 4.9 2.9 6.0 74.0 70.1 78.1 74.0 71.1 86.6 89.9 82.5 
DT695 25.6 24.1 24.6 24.7 8.7 4.7 1.3 4.9 71.1 64.3 75.2 70.2 74.9 83.6 95.0 84.9 
Commander 26.6 23.6 24.3 24.2 6.2 4.6 0.2 4.1 71.0 63.4 73.0 69.1 76.9 83.9 98.4 86.6 
Westbred 881 22.2 26.1 23.6 24.7 8.3 0.0 0.9 2.7 72.0 66.6 74.0 70.9 81.8 95.1 95.6 91.2 
Langdon(DIC-
6B) 
28.9 27.0 31.0 27.3 7.8 4.4 0.2 4.6 73.1 70.9 77.2 73.7 73.4 86.1 99.4 86.3 
Langdon 22.4 19.5 27.0 23.0 4.8 5.3 0.5 3.6 65.1 64.5 72.4 67.3 84.1 78.2 97.9 86.1 
Low-GPC DHb                 
DAH-46* (+) 28.4 30.6 26.7 28.5 4.8 1.7 2.1 2.9 72.9 67.8 77.6 72.7 85.1 95.2 93.1 91.2 
DAN-08* (-) 27.1 29.0 27.1 27.7 12.1 1.2 1.8 5.0 77.0 67.4 76.4 73.6 70.4 85.1 94.2 86.9 
DAE-01* (-) 28.5 25.4 27.8 27.2 12.4 3.5 3.1 6.3 70.3 61.7 74.6 68.9 68.4 82.4 90.2 80.4 
DAQ-02* (+) 28.9 29.6 26.7 28.4 7.1 6.8 1.7 5.2 74.8 69.8 74.6 73.7 80.8 84.5 94.1 86.5 
DAD-04* (-) 25.9 30.3 25.5 27.2 8.9 0.8 1.2 3.6 72.0 65.0 75.5 70.8 74.6 97.3 94.9 88.9 
DAH-07* (-) 28.5 30.3 26.1 28.3 8.4 3.2 3.3 5.0 73.7 67.8 77.3 72.9 77.3 88.3 85.3 83.6 
Average 27.9 29.2 26.7 27.9 9.0 2.9 2.2 4.7 73.5 66.6 76.0 72.1 76.1 88.8 92.0 86.3 
High-GPC DH                 
DAD-09* (+) 28.3 28.1 27.2 27.9 9.9 5.1 3.5 6.1 74.0 68.6 76.4 73.0 73.8 84.8 89.5 82.7 
DAB-06* (+) 27.4 27.1 29.2 27.9 15.1 9.2 3.2 9.2 79.8 67.1 78.1 73.0 64.6 74.8 91.0 76.8 
DAG-02* (+) 24.0 24.1 26.7 24.1 13.6 7.9 3.4 8.0 70.8 67.6 74.3 70.2 63.8 75.2 90.9 76.6 
DAD-10* (+) 26.2 25.9 25.4 25.8 13.2 11.4 4.7 8.1 75.3 67.3 75.1 72.6 66.6 74.1 93.8 78.1 
DAC-04* (+) 26.2 27.0 28.0 26.9 8.5 4.6 1.0 3.9 71.0 64.0 76.7 70.5 76.9 91.4 96.5 88.3 
DAL-08* (+) 22.2 28.0 28.4 26.2 14.3 4.7 2.8 6.9 69.9 67.2 75.7 70.9 61.1 85.1 94.4 80.2 
Average 25.7 26.7 27.5 26.5 12.4 7.2 3.1 7.0 73.5 67.0 76.1 71.7 67.8 80.9 92.7 80.5 
                 
L vs H contrasta ns ns ns ns ** ** ns ** ns ns ns ns ** ** ns * 
(+) vs (-) contrastb  ns ns ns ns ns ** ** * ns ns ns ns ns ** ns ns 
LSD (P<0.05) 3.9 3.9 4.9 2.6 3.2 3.1 1.9 2.0 4.9 7.1 2.7 2.9 4.4 9.6 5.6 4.8 
aContrast analysis of means of high and low GPC DH selections, bContrast analysis of means of Strongfield allele at barc108 (+) and DT695 allele at barc108 (-).  
ns = not significant (P>0.05), * significant at P<0.05 and ** significant at P<0.01.  (+)Strongfield allele at barc108, (-)DT695 allele at barc108 
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At Goodale and Nasser, no significant difference in GrainNR could be detected 
between Langdon and Langdon(DIC-6B).  At Goodale, no differences in GrainNR 
were noted among check cultivars, but the LSD was larger than observed at Kernen and 
Nasser (Table 4.10).  Averaged over all three environments, the high-GPC DH 
selections had lower GrainNR than the low-GPC selections, but among environments, 
differences were only significant at Kernen and Goodale (Table 4.10). 
 
4.4.4. Barc108 marker analysis 
Marker analysis showed that all the high-GPC DH selections carried the 
Strongfield allele at barc108, the molecular marker most closely associated with 
QGpc.usw-A3 (the Strongfield allele that was associated with high GPC) (Table 4.10), 
the low-DH selections DAH-46* and DAQ-02* also carried the Strongfield allele at 
barc108 allele (Table 4.10). Significant differences between DH selections carrying 
Strongfield allele at barc108 (+) and DH selections carrying DT695 allele at barc108 (-) 
in post-anthesis NUP were evident at Goodale, Nasser and average over all three 
environments, but not at Kernen. Differences between these two DH selections were not 
observed for NR, NHI and GrainNR at any environment, except for GrainNR at 
Goodale (Table 4.10). 
 
4.5.  Discussion 
4.5.1. Effect of environments on agronomic traits, N remobilization and post-
anthesis N uptake 
 
Nitrogen is one of the building blocks of amino acids, proteins, and nucleic acids 
(Barneix et al., 2007), and is incorporated into cereal grains through two integrated 
processes over time, namely (a) uptake and assimilation of N available in the 
rhizosphere and (b) remobilization of previously acquired N in the vegetative biomass 
(Dalling, 1985; Cox et al., 1986; Weiland and Ta, 1992; Feller and Fischer, 1994; 
Dupont and Altenbach, 2003).  As shown in this study, these two processes were 
environmentally-dependent, varied among genotypes, and were influenced by the 
amount of available N for uptake, and water availability.  In addition, environmental 
effects on expression of TPN, VN and GN, and on N remobilization and post-anthesis 
NUP were evident throughout phenological development (Figure 4.1 and 4.2). 
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Throughout phenological development, TPN and GN increased over sampling 
time, but the rate of increase varied among locations (Figure 4.1; Appendix 4.2 and 4.3).  
The delay in remobilization of N until the milk stage at Goodale and Kernen, could be 
the result of cultivars heading and and ripening later than at Nasser (Table 4.3).  The 
rapid decrease of N content in all vegetative organs observed at Nasser was likely 
because of low N supply and earlier leaf senescence (Martin de Molino et al., 1995).  
Changes in plant tissue N content (Figure 4.1) and changes in the rates of N 
remobilization, post-anthesis NUP and grain N accumulation (Figure 4.2) were 
consistent throughout phenological development.  However, while N remobilization was 
observed following anthesis, post anthesis NUP was more pronounced after the dough 
stage, suggesting that evaluation of N remobilization and post-athesis NUP would be 
best carried out using the data of TPN at anthesis versus GN and VegN at physiological 
maturity. 
Senescence represents the final stage of vegetative development characterized by 
transition from nutrient assimilation to nutrient remobilization (Feller and Fischer, 
1994).  Leaves, and especially the flag leaf play important roles as N sinks during grain 
protein synthesis in many grass (Austin et al, 1977; Cox et al., 1985a; 1986; Papakosta 
and Garianas, 1991; Millet et al., 1992; Barneix and Guitman, 1993; Wang et al., 2003; 
Tahir and Nakata, 2005; Kade et al., 2005; Uauy et al., 2006) because 75% of the N is 
present in the forms of stromal (especially ribulose-1,5-bisphosphate 
carboxylase/oxygenase [Rubisco]) and thylakoidal proteins (Peoples and Dalling, 1988; 
Hörtensteiner and Feller, 2002).  However, in this study, the amount of stored N 
throughout phenological development and the amount of the remobilized N from the 
stem (culm and leaf sheaths) was greater than from the lower leaves and flag leaf 
(Figure 4.1) suggesting the importance of the stem as N sink compared to leaves.   
During grain development, a large amount of N is remobilized from the 
vegetative organs to the developing grains for protein synthesis (Mae, 1997; Zhu et al., 
2007; Dingkuhn, 1996).  In addition to N uptake during the vegetative phase, direct 
uptake of nitrate and ammonia from the soil after flowering also contributes to elevated 
GPC (Blackman and Payne, 1987).  In this study, N remobilization from all vegetative 
organs to the grains was apparent following anthesis and the rate was dependent on 
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environment (Figure 4.2).   Differences in soil N levels at Kernen, Goodale and Nasser 
(Table 4.1) resulted in differences in TPN and GN at physiological maturity, being 49. 
5, 47.2 and 36.6 mg plant-1, and 34.0, 31.4, 27.5 mg plant-1, respectively (Appendix 4.3).  
Barbotin et al. (2005) reported that environmental factors are the main sources for 
variation in N remobilization in wheat.   In this study, however, differences in soil N 
levels did not result in differences in the total amount of the remobilized N at 
physiological maturity, which averaged over all locations was 26.5 mg plant-1 (Table 
4.5; Figure 4.2), such that differences in TPN and GN at physiological maturity among 
environments were attributed only to differences in post-anthesis NUP (Figure 4.2, 
Appendix 4.3). This result suggests a physiological interaction between N 
remobilization and post-anthesis NUP in influencing the grain N accumulation, and the 
interaction is genotype and environmental dependent.  N remobilization was suppressed 
when post-anthesis NUP is high, and also the reverse (Cox et al., 1985a; 1985b). 
As with previous reports from hexaploid wheat (Blackman and Payne, 1987; 
People and Dalling, 1988; Feller and Fischer, 1994; Clarke, 2005; Kichey et al., 2007), 
this study also found that the primary contribution to GPC in durum wheat was NR as 
reflected in the proportion of the remobilized N in the grains (GrainNR), being 73.6, 
85.7 and 93.7% at Kernen, Goodale and Nasser, respectively (Table 4.5).  Higher 
GrainNR was observed at Nasser where soil N was limiting, forcing the plants to make 
greater use of stored N.  Nitrogen remobilization is most pronounced in situations of low 
N supply during the pre-flowering period (Barbottin et al., 2005).  Under adverse 
conditions that limit photosynthesis and post-anthesis NUP, N remobilization from the 
vegetative organs functions as a buffer for grain N yield (Tahir and Nakata, 2005).  On 
the other hand, sufficient soil N and available water at Kernen might have rendered N 
remobilization unnecessary.  Indeed, higher levels of N fertilizer application before 
flowering have been reported to lead to decreased N remobilization (Cox et al., 1985a; 
1985b).  When soil N supply is adequate, high amino acid concentration in tissues 
represses N uptake machinery of the root resulting in low N uptake despite its 
availability (Barneix et al., 2007). This results in low N reduction, and amino acid 
export to the phloem is limited.  The high N status of the plant maintains a high level of 
cytokinins, in such a way that leaf proteins and Rubisco are not degraded (Barneix et al., 
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2007). As a consequence, the free amino acid export pool remains low, and the amino 
acid concentration and C/N ratio in the phloem do not decrease. At maturity, the GPC 
remains at its genetic potential level, while in the straw the N concentration is high 
(Barneix et al., 2007). 
 
4.5.2. Effect of genotypes on agronomic traits, N remobilization and post-anthesis 
N uptake 
 
The results presented here confirm that introgression of chromosome 6B from T. 
durum var. dicoccoides into Langdon resulted in increased GPC as shown in other 
studies (Joppa and Cantrell, 1990; Cantrell and Joppa, 1991, Joppa et al., 1997).  In 
addition, Langdon(DIC-6B) showed a significantly greater amount of remobilized N 
than its isogenic counterpart Langdon (Table 4.10), confirming that the introgressed 
GpcB-1 gene confers improved N remobilization to developing grain (Deckard et al., 
1996; Kade et al., 2005).  This gene was also reported to be associated with increased 
zinc, iron content, leaf senescence and enhanced N remobilization (Uauy et al., 2006a), 
likely the result of improved remobilization of the metals from senescing vegetative 
tissue.  Among the check cultivars, Strongfield expressed high GPC and grain yield, 
which resulted in significantly higher grain protein yield.  Similar to Langdon(DIC-6B) 
when compared with Langdon, Strongfield also had higher NR compared with DT695 
and Commander.  However, with the exception of Westbred 881, the proportion of NR 
to the total grain N of the check cultivars were similar (Table 4.10), suggesting that 
despite the major contribution of N remobilization, post-anthesis NUP was the 
determining factor for GPC difference among the check cultivars.  No differences in NR 
were detected among high- and low-GPC DH selections, but at Kernen and Goodale, the 
high-GPC selections expressed siginificantly greater post-anthesis NUP. 
Nitrogen harvest index, defined as the ratio between grain N yield and biomass 
N, can be used as a measure of N use efficency (Koutroubas et al., 2004). In wheat, 
cultivars with efficient N remobilization show high NHI, and consequently high GPC 
(Kichey et al., 2007).  In this study, the high GPC check cultivars also expressed high 
NHI, and semi-dwarf cultivars show low NHI, but no difference in  NHI (P>0.05) was 
observed between the high- and low-GPC DH selections (Table 4.10).  This suggests 
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that, at least in the DH selections used here, that grain N yield is accumulated not only 
from N remobilization but also post-anthesis NUP. 
In wheat, a considerable proportion of assimilated N used immediately in 
developing grain (post-anthesis NUP) has been reported elsewhere (Dupont and 
Altenbach, 2003; Kichey et al., 2007; Muurinen et al., 2007).  However, genetic 
variation for post-anthesis NUP is smaller than variation due to growing conditions 
(Muurinen et al., 2007).  In barley, post-anthesis NUP contributed 44 and 22% of total 
ear N in low N-fed and optimal N-fed plants, respectively (Egle et al., 2007).  However, 
high-GPC barley cultivars did not accumulate more N after heading than low-GPC 
cultivars (Bulman and Smith, 1994).  Strongfield showed higher post-anthesis NUP 
compared to other check culitvars (Table 4.10).  Based on contrast analysis, post-
anthesis NUP of low-GPC DH selections was similar to DT695, but the post-anthesis 
NUP of high-GPC DH selections was greater than Strongfield (Table 4.10; Appendix 
4.4).  Given these two DH selections represent extremes for GPC, this result might 
suggest a transgressive segregation of genes for post-anthesis NUP among the DH lines, 
and that only Strongfield contributes positive alleles for post-anthesis NUP in this DH 
population.  This would need to be confirmed in the complete mapping population used 
for analysis of GPC (Chapter 3). 
In the genetic study (Chapter 3), marker barc108 was found to be associated 
with the GPC QTL QGpc.usw-A3 on chromosome 7A.  When the DH selections used in 
this physiological study were analyzed for barc108 (after the fact), it was observed that 
all the high-GPC DH selections carried the Strongfield allele at barc108, while the 
majority of low-GPC DH selections (except DAH-46* and DAQ-02*), had the barc108 
allele similar to DT695.  This result coincides well with the previous finding that 
Strongfield contributed the positive allele for GPC QTL QGpc.usw-A3 on 7A (Chapter 
3).  The post-anthesis NUP of DH selections carrying Strongfield allele at barc108 was 
also significantly higher than DH selections carrying DT695 allele at barc108 (Table 
4.10).  This may suggest the association of this QTL with post-anthesis NUP as all of 
the high GPC lines expressed greater NUP.  However, more lines would have to be 
assessed in a detailed QTL study to confirm this.  Nitrate reductase (NAR) and nitrite 
reductase (NIR) activities are highly correlated with post-anthesis NUP and GPC 
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(Kichey et al., 2007; Miflin and Habash, 2002; Good et al., 2004; Boisson et al., 2005). 
Two NADH-NAR genes have been reported in wheat localized on linkage groups 6 and 
7 (Kilian et al., 1992; Habash et al., 2007).  However, the GPC QTL QGpc.usw-A3 on 
7A does not co-localize with the 7AS QTL reported for NAR (Habash et al., 2007; 
Chapter 3).  A multi-location physiological study using chromosome 7A-deletion lines, 
combined with a green house study using 15N, would be needed to confirm the 
association between chromosome 7A and post-anthesis NUP. 
Elevated GPC is positively correlated with TPN at anthesis in rice (Ntanos and 
Koutroubas, 2002), and with free amino acid concentrations in the flag leaf during grain 
filling in wheat (Millet et al., 1992; Barneix and Guitman, 1993).  In this study, 
Langdon(DIC-6B) had higher NR and more TPN-An compared with its isogenic 
counterpart Langdon (Table 4.8).  Similarly, Strongfield had numerically higher TPN-
An and less VegN-PM than most check cultivars at all locations, but this difference was 
not significant when averaged over locations (Table 4.8).  In contrast, the two DH 
groups had similar TPN-An and NR, but the high-GPC DH selections had more 
remaining N in their vegetative organs at physiological maturity (VegN-PM) (Table 
4.8), giving further evidence that high GPC in these DH selections was due to more 
capacity to absorb soil N during grain development.   However, not all N was 
translocated to the grain, and some of the N remained in vegetative organs until 
physiological maturity (Table 4.8).  Kichey et al. (2007) reported that about 9% of N 
absorbed post-flowering is not translocated to the grain and that this fraction of N that 
was variable among the five cultivars they evaluated.  Interestingly, the low-GPC check 
cultivars tended to have more VegN-PM than the high-GPC checks, while the reverse 
occurred among the DH groups.  This could suggest better post-anthesis NUP of the 
high-GPC DH selections was not accompanied by better N remobilization so that some 
of the absorbed N remained in the leaves until physiological maturity.  This argument is 
supported by the fact that despite the difference in GPC, the NHI of the two DH groups 
was also similar (Table 4.10).  The use of more DH lines that represent segregation in N 
remobilization may help confirm this hypothesis. 
The Rht-B1b and Rht-D1b gibberellin insensitive dwarfing genes are widely used 
to reduce plant height and increase grain yield in wheat breeding programs (Botwright et 
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al., 2005).  The cultivar Commander carries the Rht-B1b gene and epxressed 
significantly lower GPC than Strongfield (Table 4.7).  Lines carrying this gene are 
characterized by concomitant reductions in the sub-crown internode and coleoptile 
length and leaf area of seedlings (Allan et al., 1961; Allan, 1989; Botwright et al., 
2001), and express significantly reduced GPC (McClung et al., 1986; Pinthus and Gale, 
1990).  Averaged over three locations throughout phenological development, 
Commander and Westbred 881 had numerically lower N content in the stem compared 
to other check cultivars (Table 4.9).  Westbred 881, which also carries Rht-B1b, had 
lower TPN-An but instead of having GPC similar to Commander, it had GPC similar to 
DT695 (Table 4.7).  Westbred 881 headed and matured earlier than other check cultivars 
so that its high GPC was likely because of shorter grain filling period.   Increased GPC 
under shortened duration of the grain filling period can be attributed mainly to reduced 
accumulation of starch (Jenner et al., 1991).  However, only two semi-dwarf cultivars 
were included in this study, more semi-dwarf cultivars are required to further justify this 
hypothesis. 
 
4.6.  Conclusion 
The present study demonstrated that genetic variation for elevated GPC is 
available in Canadian durum wheat germplasm. Strongfield has comparably better 
advantage over other Canadian durum cultivars, as well as over Langdon(DIC-6B), in 
GPC and grain yield resulting in its higher grain protein yield. 
The present study confirmed that N remobilization was the primary sources of 
grain N in durum wheat, and stem was the primary source for N remobilization.  
However, differences in soil N levels result only in differences in post-anthesis NUP, 
but not in N remobilization.  N remobilization was suppressed when post-anthesis NUP 
was high, and also the reverse.   
The present study confirmed that that introgression of chromosome 6B from T. 
durum var. durum resulted in increased GPC, and this increase was due to higher N 
remobilization.  Similarly, Strongfield has better N remobilization than DT695. 
However, differences in GPC between Strongfield and DT695 and the semi-dwarf 
cultivars were due to post-anthesis NUP.  Strongfield and the high-GPC DH selections 
 
 
80
from the cross DT695 x Strongfield demonstrated gretaer post-anthesis NUP than 
DT695 and the low-GPC DH selections.  All six high-GPC DH selections carried the 
Strongfield allele at QGpc.usw-A3, and could suggest that this QTL is associated with 
post-anthesis NUP, but this will need to be confirmed in future studies.  The semi-dwarf 
cultivars Commander and Westbred 881 had low GPC, and because they did not 
accumulate N post-anthesis, the majority of grain protein was derived only from N 
remobilization.    
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Chapter 5 
 
GENERAL DISCUSSION 
 
 
5.1.  Research findings 
A major objective of this thesis was to identify QTL for GPC to understand the 
genetic basis of elevated GPC and to identify DNA-based markers to enhance selection 
efficiency in durum wheat breeding programs (Chapter 3).  Through genetic analysis, 
two stable QTL for GPC both derived from Strongfield on chromosome 2B and 7A were 
identified.  Individually, the GPC QTL QGpc.usw-B3 on 2B and QGpc.usw-A3 on 7A 
produced an average effect on GPC of +0.23 and +0.30%, respectively.  Another GPC 
QTL contributed by DT695 was QGpc.usw-A2 on chromosome 2A having an average 
effect on GPC of +0.27%.  All these QTL showed no negative pleiotropic effect for 
GPC and seed weight, but correlation with reduced yield was observed at SC 2002 and 
RG 2003 for QGpc.usw-A2, at ST 2005 for QGpc.usw-B3, and at RG 2003 for 
QGpc.usw-A3 that may limit the use of these QTL as targets for selection. 
The GPC QTL QGpc.usw-B3 on 2B and QGpc.usw-A3 on 7A identified in this 
study appear to be orthologous to those reported in separate bread wheat populations 
(Prasad et al., 1999; Turner et al., 2004).  The wmc41 associated with QGpc.usw-B3 was 
previously validated as selection tool for high GPC QTL in bread wheat populations 
(Harjit-Singh et al., 2001).  However, this marker was monomorphic in the validation 
population in this study, suggesting this QTL was fixed.  However, QGpc.usw-A3 was 
validated in a DH population derived from the cross Strongfield x C9370-DJ**3.  The 
barc108-7A QTL association was reported earlier in bread wheat (Turner et al., 2004).  
This study also confirmed the association between gwm339 and 2A QTL previously 
reported for gluten strength in the population of Kyle2*/Biodur (Knox et al., 2004), and 
likely similar with that identified in the RIL population of T. durum var turgidum x T. 
durum var, dicoccoides (Blanco et al., 2006). 
Several gaps currently exist on the DT695 x Strongfiled genetic map, and thus 
additional QTL could be segregating in this population. Construction of a more 
saturated genetic map that covers all chromosomes, as well as identification of GPC 
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QTL in other durum wheat mapping populations may help to identify other useful GPC 
QTL.  Identification of more QTL with major effects on GPC will provide an 
opportunity for QTL pyramiding program for elevation of GPC. 
Strongfield is a Canadian durum wheat released in 2002 (Clarke et al., 2005), 
and has consistently displayed high GPC and high yield, hence it has been used 
extensively in Canadian durum wheat crossing programs.  In both genetic (Charpter 3) 
and physiological (Chapter 4) studies, Strongfield consistently showed significantly 
higher GPC, as well as higher grain yield, resulted in higher grain protein yield than 
DT695 and the semi-dwarf cultivars Commander and Westbred 881 (Table 4.7).  As 
expected, the Langdon(DIC-6B) consistently showed higher GPC than Langdon (Table 
4.7) confirming the GPC QTL Gpc-B1 on 6B chromosome of T. durum var dicoccoides 
has a positive effect on elevation of GPC through better N remobilization. 
As with previous reports on the physiology of GPC (Austin et al., 1977; Cox et 
al., 1985a, 1986; Papakosta and Garianas, 1991), our result demonstrated that regardless 
of the genotypes and growing conditions, N remobilization was the primary contributor 
for grain N accumulation, accounted for an average of 84.3% of the GPC (Table 4.4).  
However, this study revealed that despite Strongfield is better than DT695 and the semi-
dwarf cultivars Commander and Westbred 881 in N remobilization and post-anthesis 
NUP, the elevated GPC of the Cultivar Strongfield was only due to better pos-anthesis 
NUP. 
In the QTL study (Chapter 3), a microsatellite marker barc108 was associated 
with GPC QTL QGpc.usw-A3 on chromosome 7A.  Further analysis with the DH groups 
used in the physiological study showed that all the high-GPC DH selections have 
barc108 allele similar to Strongfield, while the low-GPC DH selections, except DAH-
46* and DAQ-02*, have barc108 allele similar to DT695.  This result corresponds with 
the previous finding that Strongfield contributed the positive allele for GPC QTL 
QGpc.usw-A3 on 7A (Chapter 3) and post-anthesis NUP (Chapter 4).  However, the 
GPC QTL QGpc.usw-A3 on 7A does not co-localize with the 7AS QTL reported for 
NAR (Habash et al., 2007; Chapter 3), so that the positive allele for post-anthesis NUP 
in the cultivar Strongfield is possibly associated with other NAR genes not localized on 
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chromosome 7A, or with NIR genes as no NIR genes or QTL have been reported on 
wheat (Boisson et al., 2005). 
 
5.2.   Future research 
 Despite the significance of major QTL identified in this study, it is recognized 
that GPC QTL with small effects might have been overlooked as the genetic map used 
for the present QTL analysis did not cover the whole genome.  It is also recognized that 
QTL with major effect for GPC may also be conserved in durum cultivars other than 
Strongfield and DT695.   Therefore, identification of GPC QTL using a more saturated 
genetic map, as well as identification of GPC QTL in other durum wheat populations is 
important if breeding for elevated GPC is to be conducted via gene pyramiding. 
 The barc108 was validated to be consistently associated with the QGpc.usw-A3 
QTL on 7A in at least two populations related to Strongfield.  There is no guarantee that 
DNA markers identified in one population will be useful in different population. 
Therefore, validation of barc108 should involved independent and different genetic 
background, as well as more diverse environments.   Production of near isogenic lines 
(NILs) for the QGpc.usw-A3 QTL in multiple genetic backgrounds should be examined 
to confirm the expression of this QTL in those backgrounds.  Confirmation would 
further warrant efforts to pursue finer mapping and positional cloning using the NILs to 
elucidate the gene(s) associated with elevated GPC at this QTL. In addition, these NILs 
could be used to better understand the physiological mechanisms associated with 
elevated GPC as the result of this QTL. 
 This study demonstrated that depending on cultivar, elevated GPC in durum 
wheat is brought about by efficient N remobilization, as well as by post-anthesis NUP.  
N remobilization and post-anthesis NUP are also controlled by complex genetic 
systems.  Therefore, identification of QTL for N remobilization and post-anthesis N 
uptake would be another approach for breeding for elevated GPC.  Confirmation of 
association between Rht-B1 gene and low GPC and stem as the predominant N sink that 
involve more semi-dwarf and tall cultivars would also be another important study. 
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5.3.  Conclusions and novel scientific contributions 
The present study reported two stable QTL for GPC QGpc.usw-B3 on 
chromosome 2B and QGpc.usw-A3 on chromosome 7A derived from the cultivar 
Strongfield, a Canadian durum wheat cultivars that has been widely used in durum 
crossing programs.  The fact that the low GPC parent DT695 also contributed positive 
alleles for GPC, QGpc.usw-A2 on chromosome 2A, suggests that alleles for elevated 
GPC may present in any Canadian durum wheat cultivars, and highlights the possibility 
of exploring novel QTL for elevated GPC.  Eventually, identification of novel GPC 
QTL from other cultivars and breeding lines will help durum wheat breeders efficiently 
select the appropriate genotypes for their crossing programs aiming at elevation of GPC 
through QTL pyramiding. 
 The present study confirmed N remobilization to be the primary source for grain 
N, and elevated GPC in Langdon(DIC-6B) was due to the introgression of Gpc-B1 gene 
(chromosome DIC-6B) that confers improved N remobilization.  However, N 
remobilization is not the only determining factor for elevated GPC in durum wheat.  
Compared with DT695 and the low-GPC DH selections, Strongfield and the high-GPC 
DH selections had higher post-anthesis NUP, supporting the hypothesis that elevated 
GPC in Strongfield is derived from greater post-anthesis NUP. 
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APPENDICES 
 
 
Appendix 3.1.  Mixed model analysis of the GxE effect on combined data of GPC and 
grain yield of the DT695 x Strongfield mapping population over six growing 
environments. 
 
Variables Effect Covariance 
parameter 
F value Variance 
estimate 
Z value ‡ 
GPC Entry  3.24 ** - - 
 - Location - 2.3428 1.5 ns 
 - Rep (loc) - 0.2425 1.71 ns 
 - Location*entry - 0.1219 5.91 ** 
 - Residual - 0.5552 2.36 ** 
      
Grain 
yield 
Entry  3.27 **   
 - Location  2368776 0.16 ns 
 - Rep (loc)  242239 0.17 ns 
 - Location*entry  42644 6.03 ** 
 - Residual  0.99 0.99 ns 
 
‡ Z value = standard deviation of sample’s data from the population mean 
** = significant at the level of 0.01 of probability 
ns = not significant 
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Appendix 3.2.  Procedure mixed analysis for GPC data of the DT695 x Strongfield 
mapping population at each location. 
 
Location Effect Covariance 
parameter 
F value Variance 
estimate 
SC 2002 † entry  3.16 ** - 
  Rep - 0.11 
  Block(rep) - 0.19  
  Residual - 0.21  
RG 2002 entry  3.14 ** - 
  Rep - 0.50 
  Block(rep) - 0.98  
  Residual - 0.32 
ST 2003 entry  4.29 ** - 
  Rep - 0.01 
  Block(rep) - 0.13 
  Residual - 0.15 
SC 2003 entry  3.17 ** - 
  Rep - 0.03 
  Block(rep) - 0.11 
  Residual - 0.16 
RG 2003 entry  4.76 ** - 
  Rep - 0.67 
  Block(rep) - 0.88 
  Residual - 0.20 
ST 2005 entry  3.62 ** - 
  Rep - 0 
  Block(rep) - 0.04 
  Residual - 0.18 
 
†RG = Regina, ST = Saskatoon, SC = Swift Current 
** = significant at the level of 0.01 of probability 
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Appendix 3.3.  Shapiro-Wilk test for normality for least square means of GPC of the 
DT695 x Strongfield mapping population over six environments 
 
Location                   Statistic  p Value 
 
SC 2002  †           W      0.99311      Pr < W      0.6288 
 
RG 2002              W     0.990962      Pr < W      0.4002 
 
ST 2003               W     0.987253     Pr < W      0.1099 
 
SC 2003               W     0.987786      Pr < W      0.1134 
 
RG 2003              W     0.988678      Pr < W      0.1477 
 
ST 2005               W     0.993664      Pr < W      0.6118 
 
 
†RG = Regina, ST = Saskatoon, SC = Swift Current 
Shapiro-Wilk test with (Pr < W) is larger than 0.05 means the data are normally 
distributed. 
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Appendix 3.4.  Procedure mixed analysis for GPC data of the 9370-DJ**3 x Strongfield 
validation population at each location. 
 
Location Effect Covariance 
parameter 
F value Variance 
estimate 
SC 2002 † entry  6.10 ** - 
  Rep - 0.04 
  Block(rep) - 0.20 
  Residual - 0.18 
RG 2002 entry  5.06 - 
  Rep - 0.01 
  Block(rep) - 0.07 
  Residual - 0.14 
ST 2003 entry  3.26 - 
  Rep - 0 
  Block(rep) - 0.16 
  Residual - 0.31 
SC 2003 entry  9.78 - 
  Rep - 0.42 
  Block(rep) - 0.28 
  Residual - 0.17 
RG 2003 entry  16.33 - 
  Rep - 0 
  Block(rep) - 0.13 
  Residual - 0.08 
 
† RG = Regina, ST = Saskatoon, SC = Swift Current 
** = significant at the level of 0.01 of probability 
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Appendix 3.5.  Mixed model analysis of the GxE effect on combined data of GPC of the 
9370-DJ**3 x Strongfield validation population over six environments. 
 
Effect Covariance 
parameter 
F value Variance 
estimate 
Z value ‡ 
Entry - 5.38 ** - - 
- Location - 5.27 1.40 ns 
- Rep (loc) - 0.10 1.53 ns 
- Location*entry - 0.22 7.67 ** 
- Residual - 0.33 16.11 ** 
 
‡ Z = standard deviation of sample’s data from the population mean 
** = significant at the level of 0.01 of probability 
ns = not significant
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Appendix 3.6. Shapiro-Wilk test for normality for least square means of GPC of the 
9370-DJ**3 x Strongfield validation population over five environments 
 
 
Location                  Statistic      p Value 
 
SC 2002 †      W     0.987616     Pr < W      0.4803 
 
RG 2002               W     0.984186      Pr < W      0.2708 
 
SC 2003               W     0.977109      Pr < W      0.0735 
 
RG 2003               W     0.980643      Pr < W      0.1210 
 
ST 2003               W     0.979467      Pr < W      0.0877 
 
 
† RG = Regina, ST = Saskatoon, SC = Swift Current 
Shapiro-Wilk test with (Pr < W) is larger than 0.05 means the data are normally 
distributed. 
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Appendix 4.1.  SAS output of mixed procedures analysis for combined data of Kernen 
2005, Goodale 2006 and Nasser 2006.  As each location was intentionally chosen for its 
soil N level, as such, similar to entry, location was also determined as fixed effect. 
 
 
Variables Effect Covariance parameter F value Variance estimate 
Plant height entry  72.35 ** - 
 location  996.24 ** - 
 entry*loc  3.57 ** - 
  block - 1.11 
  residual - 18.93 
Days to heading  entry  38.6 ** - 
 location  2695.20 ** - 
 entry*loc  2.38 ** - 
  block - 0 
  residual - 0.28 
Days to maturity entry  2.61 ** - 
 location  2145.23 ** - 
 entry*loc  ns - 
  block - 0.28 
  residual - 1.79 
Thousand kernel weight entry  5.90 ** - 
 location  95.90 ** - 
 entry*loc  1.86 ** - 
  block - 0.05 
  residual - 5.78 
TPN-An entry  3.99 ** - 
 location  88.18 ** - 
 entry*loc  1.54 * - 
  block - 0 
  residual - 8.3 
TPN-Milk stage entry  3.42 ** - 
 location  92.28 ** - 
 entry*loc  2.18 ** - 
  block - 0.25 
  residual - 13.62 
TPN-Dough stage entry  6.25 ** - 
 location  189.91 ** - 
 entry*loc  ns - 
  block - 0 
  residual - 11.72 
TPN-PM entry  8.65 ** - 
 location  233.04 ** - 
 entry*loc  ns - 
  block - 0 
  residual - 11.63 
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Appendix 4.1 (continued) 
 
Variables Effect Covariance parameter F value Variance estimate 
VegN-Milk stage entry  2.80 ** - 
 location  274.18 ** - 
 entry*loc  ns - 
  block - 0.42 
  residual - 13.76 
VegN-Dough stage entry  3.10 ** - 
 location  281.55 ** - 
 entry*loc  ns - 
  block - 0.55 
  residual - 8.37 
VegN-PM entry  3.06 ** - 
 location  188.58 ** - 
 entry*loc  ns - 
  block - 0.44 
  residual - 3.65 
GN-Milk stage entry  7.11 ** - 
 location  147.14 ** - 
 entry*loc  ns - 
  block - 0 
  residual - 4.88 
GN-Dough stage entry  3.68 ** - 
 location  8.69 ** - 
 entry*loc  ns - 
  block - 0.31 
  residual - 9.33 
GN-PM entry  5.69 ** - 
 location  69.07 ** - 
 entry*loc  ns - 
  block - 0.76 
  residual - 8.55 
GPC entry  12.42 ** - 
 location  420.73 ** - 
 entry*loc  4.09 ** - 
  block - 0.0003 
  residual - 0.41 
NHI entry  3.14 ** - 
 location  106.25 ** - 
 entry*loc  ns - 
  block - 2 
  residual - 10.66 
Remobilized N (NR) entry  3.21 ** - 
 location  ns - 
 entry*loc  ns - 
  block - 0.62 
  residual - 7.96 
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Appendix 4.1 (continued) 
 
Variables Effect Covariance parameter F value Variance estimate 
Post-anthesi N Uptake entry  4.73 ** - 
 location  430.97 ** - 
 entry*loc  1.57 * - 
  block - 0 
  residual - 7.07 
Grain N-remobilized 
(Grain NR) entry  2.87 ** - 
 location  381.12 ** - 
 entry*loc  ns - 
  block - 0.09 
  residual - 56.94 
Grain yield entry  8.36 ** - 
 location  1052.42 ** - 
 entry*loc  2.04 ** - 
  block - 678 
  residual - 89160 
Protein yield  entry  6.82 ** - 
 location  1330 ** - 
 entry*loc  2.29 ** - 
  block - 20 
  residual - 1903 
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Appendix 4.2. Least square means of total plant nitrogen (TPN), vegetative nitrogen (VN) and grain nitrogen (GN) among different 
growth stages. 
 
 
 
Locations Kernen Goodale Nasser 
TPN VN GN TPN VN GN TPN VN GN 
Anthesis 39.9 39.9 0 42.6 42.6 0 35.3 35.4 0 
Milk 44.5 32.2 12.3 43.2 32.3 10.9 35.5 17.8 17.7 
Dough 47.5 25.1 22.5 45.8 20.9 24.9 35.6 12.1 23.5 
Maturity 49.5 13.7 34.0 47.2 15.7 31.4 36.3 8.8 27.5 
          
LSD (P<0.05) 1.3 1.0 1.1 1.3 1.4 1.1 1.4 0.8 0.9 
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Appendix 4.3. Least square means of total plant nitrogen (TPN), vegetative nitrogen (VN) and grain nitrogen (GN) during 
phenological development at different locations 
 
Locations TPN1 TPN2 TPN3 TPN4 VN1 VN2 VN3 VN4 GN1 GN2 GN3 GN4 
Kernen 2005 39.9 44.5 47.5 49.5 39.9 32.2 25.1 13.7 0 12.3 22.5 34.0 
Goodale 2006 42.6 43.2 45.8 47.2 42.6 32.3 20.9 15.7 0 10.9 24.9 31.4 
Nasser 2006 35.4 35.5 35.6 36.3 35.4 17.8 12.1 8.8 0 17.8 23.5 27.5 
             
LSD (P<0.05) 1.2 1.4 1.3 1.3 1.2 1.3 1.1 0.7 0 0.8 1.1 2.1 
SEM 0.41 0.50 0.47 0.47 0.41 0.47 0.39 0.25 0 0.27 0.4 0.61 
 
TPN1, TPN2, TPN3, TPN4  = total plant nitrogen at anthesis, milk stage, dough and physiological maturity, respectively. 
VN1, VN2, VN3, VN4    = nitrogen in the vegetative tissue at anthesis, milk stage, dough and physiological maturity, respectively. 
GN1, GN2, GN3, GN4    = grain nitrogen at anthesis, milk stage, dough and physiological maturity, respectively. 
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Appendix 4.4.  Contrast analysis of lower GPC DH and higher GPC DH on variables related to grain N 
 
 
 F calculated for plant height F calculated for days to heading F calculated for days to maturity 
Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean 
Lower GPC DH vs higher GPC DH 11.33 
** 
18.18 
** 
12.79 
** 
39.16 
** 
31.24 
** 
101.40 
** 
57.89 
** 
159.78 
** 
ns ns ns ns 
Strongfield vs higher GPC DH ns ns ns ns 12.65 
** 
26.79 
** 
32.02 
** 
62.65 
** 
ns ns ns ns 
DT695 vs lower GPC DH ns 4.40 
* 
10.53 
** 
12.91 
** 
ns ns ns ns ns ns ns ns 
 
 
 F calculated for seed weight F calculated for grain yield F calculated for protein yield 
Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean 
Lower GPC DH vs higher GPC DH ns ns ns ns 30.48 
** 
ns 17.78 
** 
4.23 
* 
10.92 
** 
6.15 
* 
ns 14.27 
** 
Strongfield vs higher GPC DH ns 7.94 
** 
4.97 
* 
10.96 
** 
ns ns 6.41 
* 
ns ns 8.8 
2 ** 
ns ns 
DT695 vs lower GPC DH ns 7.08 
* 
ns 5.92 
* 
4.15 
* 
ns ns ns ns ns ns 7.63 
** 
 
 
 F calculated for GPC F calculated for NHI F calculated for NR 
Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean 
Lower GPC DH vs higher GPC DH 104.21 
** 
6.80 
* 
28.18 
** 
95.49 
** 
ns ns ns ns ns 8.92 
** 
ns 5.49 
* 
Strongfield vs higher GPC DH ns 9.08 
** 
ns 5.26 
* 
ns ns ns ns ns 10.52 
** 
ns 7.02 
** 
DT695 vs lower GPC DH 6.28 * 16.71 
** 
ns ns ns ns 4.28 * 4.07 
* 
ns ns ns ns 
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Appendix 4.4.  (continued) 
 
 
 F calculated for NUP F calculated for Seed N remob 
Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean 
Lower GPC DH vs higher GPC DH 5.87 
* 
24.53 
** 
ns 14.91 
** 
4.82 
* 
25.54 
** 
ns 12.11 
** 
Strongfield vs higher GPC DH ns 5.91* ns 4.39 * ns ns ns ns 
DT695 vs lower GPC DH ** ** ** * ns ns ns ns 
 
 
 F calculated for TPN1 F calculated for TPN4 F calculated for GN4 
Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean Kernen G’dale Nasser Mean 
Lower GPC DH vs higher GPC DH ns ns ns ns ns ns 4.86 
* 
5.76 
* 
ns ns 12.57 
** 
ns 
Strongfield vs higher GPC DH ns 7.87 
** 
ns 9.97 
** 
ns ns ns 5.56 
* 
ns ns ns 6.17 
* 
DT695 vs lower GPC DH ns ns ns 6.43 
* 
ns 6.95 
* 
4.67 
* 
13.20 
** 
ns 6.96 
* 
ns 6.44 
* 
 
 
 
 
 
